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Abstract

Fossil fuel combustion, land use change and other human activities have increased the atmospheric carbon dioxide (COz)
abundance by almost 50% since the beginning of the industrial age. These changes would have been much larger if natural
sinks in the land biosphere and ocean had not removed over half of this anthropogenic CO2. Here, we review the current state
of knowledge of the ocean, land and atmospheric carbon cycles, identify emerging measurement and modeling capabilities, and
gaps that must be addressed to diagnose the processes driving the carbon cycle and predict their response to human activities
and a changing climate. The anthropogenic CO2 uptake by the ocean has increased over this period, as the atmospheric
COg partial pressure (pCO2) has increased. For the land carbon cycle, the emerging picture is more complicated. Over the
past three decades, the uptake of COg by intact tropical humid forests appears to be declining, but these effects are offset by
a net greening across mid- and high-latitudes associated with afforestation, agricultural, and longer growing seasons. These
studies have also revealed measurement gaps and other limitations in our understanding of the evolving carbon cycle. They
show that continued ship-based observations combined with expanded deployments of autonomous platforms are needed to
quantify ocean-atmosphere fluxes on policy relevant spatial and temporal scales. They also reinforce the urgent need for more
comprehensive measurements of stocks, fluxes and atmospheric CO2 in humid tropical forests and across the Arctic and boreal

regions, which appear to be experiencing rapid change.
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Key Points:

e Carbon dioxide (CO,) emissions from fossil fuel use and other human activities have
increased its atmospheric abundance by almost 50% during the industrial age.

e These increases would have been much larger if natural sinks in the ocean and on land
had not removed over half of this CO,, maintaining an airborne fraction < 45%.

e New measurements and models are providing insights into the carbon cycles as the land
and ocean sinks continue to respond to human activities and climate change.
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Abstract

Fossil fuel combustion, land use change and other human activities have increased the
atmospheric carbon dioxide (CO;) abundance by almost 50% since the beginning of the
industrial age. These changes would have been much larger if natural sinks in the land biosphere
and ocean had not removed over half of this anthropogenic CO,. Here, we review the current
state of knowledge of the ocean, land and atmospheric carbon cycles, identify emerging
measurement and modeling capabilities, and gaps that must be addressed to diagnose the
processes driving the carbon cycle and predict their response to human activities and a changing
climate. The anthropogenic CO, uptake by the ocean has increased over this period, as the
atmospheric CO; partial pressure (pCO;) has increased. For the land carbon cycle, the emerging
picture is more complicated. Over the past three decades, the uptake of CO, by intact tropical
humid forests appears to be declining, but these effects are offset by a net greening across mid-
and high-latitudes associated with afforestation, agricultural, and longer growing seasons. These
studies have also revealed measurement gaps and other limitations in our understanding of the
evolving carbon cycle. They show that continued ship-based observations combined with
expanded deployments of autonomous platforms are needed to quantify ocean-atmosphere fluxes
on policy relevant spatial and temporal scales. They also reinforce the urgent need for more
comprehensive measurements of stocks, fluxes and atmospheric CO, in humid tropical forests
and across the Arctic and boreal regions, which appear to be experiencing rapid change.

Plain Language Summary

Since the beginning of the industrial age in the mid-1700s, fossil fuel combustion, land use
change and other human activities have increased the atmospheric carbon dioxide (CO,)
concentration to levels never before seen in human history such that CO, is now the primary
driver of climate change. The atmospheric CO, abundance and its effect on the climate would
have been much larger if natural processes in the ocean and on land carbon cycle had not
absorbed over half of the CO, emitted by these human activities. Here, we review our
understanding of anthropogenic CO, emissions and the processes controlling the emissions and
uptake of CO, by the natural carbon cycle as it responds to continuing human activities a
changing climate.

1 Introduction

Since the beginning of the industrial age, human activities have increased the
atmospheric concentrations of carbon dioxide (CO,) and other greenhouse gases (GHGS) to
levels never before seen in human history. These large increases are driving climate change,
because CO; is an efficient greenhouse gas with an atmospheric lifetime measured in centuries.
Bottom-up statistical inventories indicate that fossil fuel combustion, industry, agriculture,
forestry, and other human activities are now adding more than 11.5 petagrams of carbon (Pg C)
to the atmosphere each year (Friedlingstein et al., 2019; 2020). Direct measurements of CO; in
the atmosphere and in air bubbles in ice cores indicate that these and other human activities have
increased the globally averaged atmospheric CO, dry air mole fraction from less than 277 parts
per million (ppm) in 1750 to more than 410 ppm today. Measurements from Mauna Loa
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Observatory show that over half of this increase has occurred since 1985 and over a quarter has
happened within the past 15 years (Dlugokencky et al., 2018).

These increases would be much larger if processes operating in the natural carbon cycle
had not removed over half of these anthropogenic CO, emissions. Carbon cycle measurements
and modeling studies show that these anthropogenic CO, emissions are superimposed on an
active natural carbon cycle that regulates CO, through photosynthesis and respiration on land
and in the ocean (Beer et al., 2010), as well as temperature-driven solubility coupled with the
ocean circulation (Takahashi et al., 2002; 2009). The land biosphere and ocean emit almost 20
times as much CO; into the atmosphere as human activities each year, but then reabsorb a
comparable amount along with about half of the anthropogenic CO, emissions (Jones and Cox,
2005; Canadell et al., 2007; Raupach et al., 2008; Knorr 2009; Bennedsen et al., 2019,
Friedlingstein et al., 2020). While the fraction of the anthropogenic CO, that stays in the
atmosphere (the “airborne fraction”) is remarkably constant, at about 0.45 for the multi-year
average (e.g. Ballantyne et al., 2012; Raupach et al., 2008; 2014), it can change substantially
from year to year. In some years, the airborne fraction can be as high as 80%, while in others, it
can be as low as 30% (Raupach et al., 2008; 2014). Some of the largest changes in this airborne
fraction appear to be associated with changes in uptake of CO; by the land biosphere (the land
sink) in response to large-scale temperature and precipitation anomalies, like those associated
with major El Nifio events or large volcanic aerosol injections into the stratosphere (Frolicher et
al., 2013). The ocean uptake also responds to El Nifio events and large volcanic eruptions
(Eddebbar et al., 2019; McKinley et al., 2004; 2020), but has a smaller impact on the amplitude
of variability in the airborne fraction (Chatterjee et al., 2017). The relative roles of these and
other processes that link the land, ocean and atmospheric carbon cycles with the climate are less
well understood, compromising our ability to predict how the atmospheric CO, growth rate
might change as the carbon cycle responds to climate change (Ballantyne et al., 2012, McKinley
etal., 2017).

Over the past two decades, our understanding of the natural and anthropogenic
contributions to the carbon cycle has grown steadily with the deployment of progressively more
sophisticated ground-based, oceanic, airborne, and space-based carbon cycle measurement
systems. These advances have been accompanied by the development of far more comprehensive
diagnostic and prognostic carbon cycle modeling tools. On time scales of a decade or longer,
“bottom-up” measurements of changes in carbon stocks on land and in the ocean provide a
reliable indicator of the stability of these reservoirs and a useful integral constraint on their
fluxes of carbon to the atmosphere. On shorter time scales, stock measurements are less reliable
for estimating atmospheric emissions because land and ocean stock changes that are too small to
be accurately quantified can produce large changes in the atmospheric CO, concentration. On
these scales, direct measurements of CO; fluxes at the surface, fluxes derived from vertical
gradients in pCO; across the air-sea interface or “top-down” fluxes estimated from spatial and
temporal gradients in atmospheric CO, concentrations can provide more reliable results.

Both bottom-up stock and flux estimates and “top-down’ atmospheric estimates are
providing key insights into the carbon cycle. Bottom-up methods use empirical or process-based
models of the land biosphere and ocean to estimate fluxes, or to upscale in situ measurements of
the time change of stocks or of direct flux observations (e.g. Sabine et al., 2004; Doney et al.,
2004; Gruber et al., 2019a; Pan et al., 2011; Sitch et al., 2015; Hubau et al., 2020; Piao et al.,
2020; Jung et al., 2020; Long et al., 2013; Landschdtzer, et al., 2013; Rodenbeck et al., 2014;
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2015; Gregor et al., 2019; Watson et al., 2020; Hauck et al., 2020; Carroll et al., 2020). “Top-
down” models use inverse methods to estimate the surface CO, fluxes from the land or ocean
needed to maintain the observed atmospheric or ocean CO, concentrations in the presence of the
prevailing winds and ocean circulation (e.g. Enting et al., 1995; Mikaloff-Fletcher et al., 2006;
Jacobson et al., 2007; Khatiwala et al., 2009; Chevallier et al., 2010; 2019; DeVries 2014;
Crowell et al., 2019).

Both bottom-up and top-down methods benefit from remote sensing as well as in situ
data. For example, a bottom-up forest stock inventory might use in situ measurements to estimate
the above ground biomass from an ensemble of specific plots and then use remote sensing
measurements to upscale those measurements to larger areas. Similarly, a top-down approach
might combine in situ and remote sensing observations of atmospheric CO, along with models of
atmospheric transport constrained by both in situ and satellite meteorological measurements to
estimate regional-scale fluxes. In practice, top-down and bottom-up methods can be combined.
For example, top-down methods for estimating net biospheric exchange (NBE) may use fossil
fuel emissions derived from bottom-up inventories as a static (i.e. not optimized) input (i.e.
Crowell et al., 2019).

As the world embarks on efforts to monitor and control CO, emissions, there is growing
evidence that the natural carbon cycle is evolving in response to human activities, severe
weather, disturbances and climate change. In this context, an improved understanding of both the
anthropogenic and natural processes in the land biosphere and ocean that control the emissions
and uptake of CO; is critical to our ability to predict its rate of increase in the CO, in the
atmosphere and its impact on the climate. To address this need, advanced measurement
capabilities are being deployed and their results are being analyzed with more comprehensive
diagnostic and prognostic modeling tools. While these advances do not yet provide the full
capabilities of the policy-relevant carbon observing system advocated by Ciais et al. (2014) or
envisioned by the WMO Integrated Global Greenhouse Gas Information System (IG3IS), they
are providing substantial new insights with respect to the anthropogenic and natural processes
operating in the carbon cycle.

Here, we review the current state of knowledge of the anthropogenic and natural
processes driving the land, ocean and atmospheric carbon cycles. We summarize advances in
each domain and identify ongoing efforts to exploit this new information to create a more
accurate and complete baseline and to identify trends. We also identify critical measurement and
modeling gaps that must be addressed to produce an effective carbon monitoring system.

2 A Note on Units
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Because the bottom-up and top-down land, ocean and atmospheric carbon communities
focus on different aspects of the carbon cycle, they have developed a sometimes confusing array
of units to quantify stocks and fluxes of carbon and CO,. For example, the land carbon
community typically quantifies the mass of stocks and fluxes carbon, the atmospheric
community typically measures and reports the CO; dry air mole fraction, Xco, and the ocean

Table 1: Quantities and Units Describing the Carbon Cycle

Typical units Comment

carbon dioxide dry air mole €O,  partsper Number of CO, molecules relative to each million (10°) molecules of
fraction xCO, million by dry air. If CO; is assumed to be an ideal gas and its dry air mole
volume (ppm) o )
of Xeoz fraction is increased by 1 ppm at constant temperature, the CO, partial

pressure will increase by one micro atmosphere (patm).
partial pressure of carbon pCO, patm At sea level, pCO, = (P - pH,0) x X0z, where P is the total atmospheric
dioxide pressure and pH,0 is the water vapor saturation vapor pressure (see
Woolf et al., 2016). 1 patm =107 atmospheres = 0.10325 Pascals.
carbon dioxide fugacity fco, patm Effective ideal gas partial pressure of CO, that has the same
temperature and Gibbs free energy as the real gas. At the surface,
TCO, = Xepz % Qppz Where @©qq; . 0.0002/K is the fugacity coefficient for
CO, and K is the temperature in Kelvin.
column averaged carbon XCO; pPpm This vertically-averaged guantity used by the atmospheric remote
dioxide dry air mole fraction sensing community is derived from the ratio of the CO, column
abundance and the dry air column abundance. The dry air column

abundance is estimated from the measured molecular oxygen (0,)

column abundance, assuming an O, dry air mole fraction of 0.20955.

carbon stock or stock change petagrams of 1 pgc=10"gcC. 1PeC=10"" kg C=10° tons of carbon =1 Gt C. When
carbonper  ,yidized to form CO,, 1 Pg C generates 3.664 Pg CO,.
year (PgCyr’)
Gross Primary Production GPP  pgcyrt Total flux of carbon fixed through photosynthetic reduction of CO, by
plants in an ecosystem.
Met Primary Production NPP  pg Cyr"‘ Met flux of organic carbon produced by plants in an ecaosystem. NPP
equals GPP minus autotrophic respiration by plants, R,.
Met Ecosystem Exchange or NEEor pgcyrt Met primary production, NPP, minus carbon losses by heterotrophic
Net Ecosystem Production NEP (non plant) respiration, R,. NEE and NEP are generally

interchangeable, with NEE used more often to refer to fluxes
measured in the atmosphere, while NEP is more often used for fluxes
inferred from measurements of carbon stock changes.
MNet Biospheric Exchange or NBE  pgCyrt Change in mass of carbon stocks after episodic carbon losses due to
Met Biome Exchange natural or anthropogenic disturbance.

community uses the partial pressure, pCO,, fugacity, fCO,, and the air-sea carbon flux. To relate
these units, it is useful to note that one petagram of carbon (1 Pg C) in the atmospheric CO; is
equivalent to a concentration of ~ 2.124 ppm (c.f. Ballantyne et al., 2012; Friedlingstein et al.,
2020). Table 1 summarizes these and other commonly used quantities and units used by the
carbon cycle community and describes their relationships.
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3 Anthropogenic Contributions to the Carbon Cycle

Atmospheric CO, emissions from fossil fuel combustion, cement production, land use
change and other human activities are currently being tracked by the regulatory, commercial and
scientific communities (e.g. Andrew, 2020). International organizations such as the International
Energy Agency (IEA) originally compiled fossil fuel statistics to avoid disruptions in the world’s
oil supplies, but now provide annual reports on a range of technologies to support sustainable
energy development (IEA 2020). Those from national organizations, such as the U.S. Energy
Information Administration (EIA) serve a similar purpose, tracking short-term and long-term
trends in supply and demand around the world to support the energy industry, while those from
national regulatory organizations such as the U.S. Environmental Protection Agency (EPA)
compile statistics for regulating and reporting national emissions to other government agencies
or organizations such as the United Nations Framework Convention on Climate Change
(UNFCCC). Commercial organizations, such as British Petroleum, produce inventories to track
trends in energy markets (BP 2020).

Similarly, to track emissions from land use change, international organizations such as
the United Nations Food and Agriculture Organization (FAO) collect and disseminate global
information on agriculture, forestry and other land use (AFOLU). Two methods are typically
used to track emissions from land use change. In the first, data collected by FAO are used in so-
called bookkeeping models that prescribe carbon loss per pool over time (Hansis et al., 2015,
Houghton and Nassikas, 2017). In the second, satellite remote sensing data are used to determine
the amount of land cover change and associate emission losses with the change by emission
factors or more detailed biogeochemical models (van der Werf et al., 2017). For tracking
historical land use changes, a map of historical land use is required such as LUH2-GCB2020
(Hurrt et al., 2020; see also Friedlingstein et al., 2020). Using this information, it is possible to
project land use change impact on the carbon cycle using the new generation of dynamic global
vegetation models (DGVMs). At the national level, land use change emissions are compiled and
delivered to the UNFCCC by country level organizations such as the U.S. EPA, Japan’s Ministry
of the Environment and the European Union’s European Environment Agency.

Scientific inventories, such as those compiled by the Carbon Dioxide Information
Analysis Center (CDIAC; Boden et al., 2017) and the annual reports compiled by the Global
Carbon Project (GCP), combine information from all of these sources to support scientific
investigations of the energy and carbon cycles as well as other applications. The science
community has also produced high resolution gridded inventories such as EDGAR (Janssen-
Maehout et al., 2019), ODIAC (Oda et al., 2018), and Hestia (Gurney et al., 2019). These
inventories use other data (population, night lights, etc.) to disaggregate national scale emissions
to support carbon cycle investigations on spatial scales spanning individual forest plots or urban
areas to full biomes. These gridded inventories also provide more actionable information on
anthropogenic CO; emissions for policy makers working on urban to sub-national scales.

3.1 Regulating Greenhouse Gas Emissions - the Paris Agreement

The primary international regulatory framework for tracking anthropogenic CO,
emissions is the UNFCCC. This treaty was established in 1994 to stabilize “greenhouse gas
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic
interference in the climate system.” To implement this treaty, parties to the 2015 UNFCCC Paris
Agreement resolved to define Nationally Determined Contributions (NDCs) to a global GHG
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reduction effort and to report progress toward these NDCs, at 5-year intervals through Global
Stocktakes, the first of which is scheduled for 2023. The NDC reports are to be compiled based
on the Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse
Gas Inventories (IPCC 2006; 2019) and consist of bottom-up emission inventories, compiled
from a statistical analysis of emissions reported from sources in specific sectors, including
Energy, Industrial Processes Product use, Agriculture, Forestry, and Other Land Use (AFOLU),
and Waste. Each sector is subdivided into a series of categories. For example, AFOLU is divided
into six categories, including Forest Land, Cropland, Grassland, Wetlands, Settlements, and
Other Land categories.

While CO, emissions from fossil fuel combustion in the energy sector constitute the
largest direct anthropogenic contribution to the global carbon cycle, emissions of CO, and other
greenhouse gases from managed lands tracked under the AFOLU sector are responsible for
almost one quarter of all anthropogenic GHG emissions (Smith et al., 2014). These emissions
originate primarily from deforestation and forest degradation, but also include contributions from
agricultural land and livestock management. The IPCC Guidelines only require reporting of
emissions on managed lands, but they acknowledge that natural disturbances (wildfires, insects,
severe weather) contribute a significant source of interannual variability and uncertainty in this
sector. The concept of natural and anthropogenic changes are becoming more diffuse as climate
change itself affects “natural disturbances”. A comprehensive understanding of the processes
operating in the natural carbon cycle is therefore essential for tracking and attributing observed
interannual changes in atmospheric CO, concentrations, and for linking bottom-up inventories
with top-down monitoring, recording, and verification (MRV) strategies (Janssens-Maenhout et
al., 2020).

3.2 Carbon Cycle Insights from Scientific Inventories

The Global Carbon Budget (GCB) compiled annually by the Global Carbon Project
document the globally-averaged budget of anthropogenic carbon fluxes for five key components:
atmosphere, fossil fuel emissions, land use change, uptake by the terrestrial biosphere (“land
sink”) and uptake by the ocean (“ocean sink™). From 2000-2006 to 2019, emissions from fossil
fuel use and cement production increased from 7.6 to 9.7 Pg C yr, with a peak of 10 Pg C yr'tin
2018. The ocean and land sinks increased during the same time from 2.2 to 2.6 and 2.8 to 3.6 Pg
C yr* respectively (Friedlingstein et al., 2020). The anthropogenic sinks are defined as their
perturbation caused by direct effects of increasing atmospheric CO, and indirect effects by
climate change.

In addition to these flux estimates, the GCBs document uncertainties, expressed as one
standard deviation around the mean. Figure 1 shows the relative error of these estimates
(uncertainty/mean) as they progress along the years for the 2006-2019 budgets. The estimates
refer to each individual year for which the budget was prepared. As such, they indicate the
progression in understanding of the uncertainties in the budget at that time (as opposed to an a
posteriori analysis of the uncertainties of all years in a similar manner). The relatively low,
stable uncertainties associated with both the fossil fuel emissions and atmospheric CO,
concentrations result from two factors (Ballantyne et al., 2012). The first is the precision of the
atmospheric in situ CO, measurements and efficient mixing of CO; throughout the atmosphere,
although analytical errors and sampling bias do play a role. Second, while fossil fuel combustion
is the primary source of anthropogenic CO, emissions, the relative error on this contribution is
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relatively small because the fossil fuel industry provides reliable numbers on their sales, which
are well correlated with the amount of fossil fuel burned. The highest relative errors are
associated with land use change emissions. These estimates are based on either bookkeeping
methods (Houghton, 2003; Houghton and Nassikas, 2017), and since 2018, also on DGVMs
(Friedlingstein et al., 2019, 2020). Compared to the early period, 2000-2006, the relative error
has not substantially decreased, nor has the mean value of the land use change emissions of 1.5
to 1.8 Pg C yr™, respectively.

In the GCB published in 2016 and before, the land sink was calculated as a residual: land
sink = emissions - atmosphere - ocean sink. Since 2017, the land sink in the Global Carbon
Budget has been calculated directly from DGVMs with a corresponding increase in relative error
due to the divergence of the individual DGVM estimates. Since then, the ocean sink estimate
from models is no longer normalized to a data-based estimate from the 1990s (Denman et al.,
2007), which was previously applied to ensure the land sink estimate from the budget residual

RELATIVE ERRORS IN THE ANNUAL GCP BUDGETS

= Atmosphere Fossil Land use Land sink QOcean sink
0.7

0.6
0.5
0.4

0.3

Relative error

0.2

0.1

O -
2000-2006 2008 2012 2013 2014 2015 2016 2017 2018 2019
Year of budget

Figure 1. Relative error (1 standard deviation uncertainty / mean) for the Global Carbon
Budget estimates since 2000. Numbers are taken for the individual year(s) reported each year
from Canadell et al. (2007), LeQuéré et al. (2009) and LeQuéré et al. (2013-2018) and
Friedlingstein et al. (2019-2020) and refer to the annual estimates.

had a realistic mean value. This change in methodology also affected the ocean sink uncertainty,
which slightly increased from 17% in 2015 to 19% in 2016. The fact that the ocean sink was no
longer scaled to the mean 1990s value led to a smaller ocean sink estimate that, together with the
same absolute uncertainty, resulted in the slightly higher relative uncertainty. The ocean sink
uncertainty had also varied between 17 and 19% for the years 2006 to 2015.

With the advent of a direct estimate of the land sink from DGVMs, it is now possible to
assess the degree to which the overall global carbon budget can be closed, i.e., the difference
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between the sum of the fluxes and the atmospheric accumulation. This budget imbalance was
estimated at 0.3 Pg C for 2018 and 2019, or approximately 10% of the magnitude of the land and
ocean sinks (Friedlingstein et al., 2019, 2020). The budget imbalance indicates that there remains
substantial uncertainty in global annual mean fluxes.

4 The Ocean Carbon Cycle

The ocean holds a large natural reservoir of carbon that exchanges with the atmosphere
on short (non-geological) time-scales. Superimposed upon the cycling of this natural reservoir,
the increasing atmospheric CO, concentration is causing the ocean to absorb a significant
fraction of anthropogenic carbon emissions. Due to the natural carbon cycle of the ocean, 39,000
Pg C is stored in the ocean, which amounts to ~90% of the carbon contained in the combined
land, ocean and atmosphere domains (Bolin 1983; Sundquist 1993; Sabine and Tanhua, 2010).
The natural carbon cycle is driven by ocean circulation, seasonal heating and cooling, and
biological processes (Figure 2, left).

anthropogenic _J

Total Carbon (C

Total) = R —

*+ Anthropogenic Carbon

Surface Ocean
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Figure 2: The total carbon cycle in the ocean (Crota) is the sum of the natural carbon cycle
(Cnar) and the anthropogenic carbon cycle (Can). The natural carbon cycle is quantitatively
dominant, as shown in the observed data (GLODAPvV2, Olsen et al., 2016) plotted in the
center, and includes contributions from biological activity and the large-scale circulation of
the ocean. Overlain is the uptake of additional carbon due to anthropogenic emissions to the
atmosphere that occurs in the present ocean as atmospheric pCO, continues to rise.

The ocean carbon budget can be quantified as the storage of inorganic and organic carbon
in the ocean, the fluxes of carbon across the air-sea interface, river input, and a small term for
sedimentation. The natural carbon inventory is very large compared to the anthropogenic
component and is believed to have been in an approximate long-term steady state in preindustrial
times, such that there was zero global mean air-sea flux of natural carbon (Fna). The
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anthropogenic uptake flux (Fan) is the additional ocean uptake due to the direct effect of
increasing atmospheric CO, concentration and occurs as a perturbation to the vigorous natural
cycle (Figure 2, right), with the column inventory of anthropogenic carbon (Cg) from the latest
data-based estimates mapped in Figure 3 (bottom).

The downward increase in natural carbon (Cya) from surface to depth (Figure 2) is
largely due to the biological carbon pump (BCP) (Sarmiento & Gruber, 2006). If the BCP did not
operate, the atmospheric CO, concentration would be around 200 ppm higher (Maier-Reimer et
al., 1996). During the last glacial maximum, changes in the efficiency of the BCP may have
played an important role in lowering atmospheric CO, (Galbraith and Skinner, 2020; Sigman et
al., 2010). Biological feedbacks may accompany anthropogenic climate change (Sabine &
Tanhua, 2010, Hauck et al., 2015, Moore et al., 2018), but there is significant spread in model
projections (Laufkotter et al., 2015, 2016; Frélicher et al., 2016). To date, observed timeseries
are too short to provide evidence for long-term biologically-driven trends in the ocean carbon
cycle (Henson et al., 2016). Thus, the ocean carbon sink for anthropogenic carbon over the
industrial era is currently understood as a physical and chemical process (Figure 2, right). The
contemporary (or ‘net’) air-sea CO2 flux (Frer) is the sum of Fna and Fane. The surface ocean
partial pressure of CO,, pCO,, CO; flux and interior ocean inventory of anthropogenic carbon
(Cany) are shown in Figure 3.

The ocean surface layer carbon content equilibrates with the atmosphere on time-scales
of months. The ocean continually removes C,n from the atmosphere because the ocean
circulation transports Cqn-laden waters away from the surface layer and into the ocean interior,
while the water that returns to the surface tends to have low C, content. Thus, the ocean
circulation is essential to continued CO, uptake. At the global scale, the ocean overturns
relatively slowly, on timescales of 1000 years. Because of this, 75% of all anthropogenic carbon
attributable to the industrial age remains in the upper 1000m (Gruber et al., 2019a). Because
carbon is highly soluble in ocean water, the fundamental limit on the rate of anthropogenic
carbon uptake by the ocean is the rate of overturning, as it determines how fast waters with Cyn
uptake capacity are exposed to the surface.

Since the beginning of the industrial era, the uptake of Cy by the land carbon sink has
been largely offset by emissions associated with land use change. The ocean has therefore been
the primary cumulative net Cq, Sink over this period (Friedlingstein et al., 2019; 2020). Looking
forward, the behavior of the ocean carbon sink is expected to continue playing a critical role in
determining how much anthropogenic carbon remains in the atmosphere (Randerson et al., 2015,
Zickfeld et al., 2016, Schwinger and Tjiputra, 2018).
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The following sections describe the approaches used to study the ocean carbon sink. A
mechanistic understanding of this sink is essential for diagnosing its state and for making reliable
future predictions. This requires quantification of carbon stocks and fluxes at higher spatio-
temporal resolution than is available from interior data alone. Air-sea fluxes on monthly to
decadal timescales are quantified using surface ocean observations and ocean models of varying
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complexity. Agreement between independent estimates for mean fluxes and temporal variability
indicates growing confidence in global-scale mechanistic understanding. Yet, key uncertainties
remain and must be resolved to support better predictions for future ocean carbon sink and to
allow for reduced diagnostic uncertainty for the global carbon cycle as it evolves. Substantial
advances in observing systems, quantification of land-to-ocean fluxes of carbon, and models of

Figure 3: Surface ocean pCO; (top); and air-sea CO- flux (Fnet), positive flux to the
atmosphere (middle), 1988-2018, mean of 6 observation-based products (Fay et al., in prep);
column inventory of anthropogenic carbon (Cgy, bottom), 1800-2007 (Sabine et al., 2004,
Gruber et al., 2019).
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ocean circulation are needed to reduce these uncertainties. In addition, as nations implement
substantial reductions in carbon emissions, we need to assess the near-term response of the ocean
carbon sink to reduced atmospheric pCO, growth rates.

4.1 Bottom-up Estimates of Anthropogenic Carbon Accumulation In The Ocean From
Interior Observations

Based on a bottom-up accounting using interior ocean data, Gruber et al. (2019a) find a
total ocean C,n; accumulation of 152 + 20 Pg C for the industrial era through 2007. By
combining evidence from top-down and bottom-up approaches, Khatiwala et al. (2013) find an
inventory of 160 + 26 Pg C in 2010. Consistent with previous inventories (Sabine et al., 2004),
these studies find that the ocean has cumulatively absorbed excess carbon equivalent to 45% of
industrial-era fossil fuel emissions until 2010, or 30% of the total emissions including LUC. The
column inventory of ocean C,n; accumulation from Gruber et al. (2019a) is shown in Figure 3
(bottom).

The amount of Cy estimated for 2010 (160 = 26 Pg C) represents only about ~0.4% of
the ocean carbon stock, indicating the significant challenge of directly observing the temporal
change in carbon stock over time. Direct measurements are only possible in areas with rapid
change in dissolved inorganic carbon (DIC; e.g. Tanhua and Keeling, 2012). Instead, it is more
practical to infer ocean storage of C,n; against the large natural background, and then to calculate
the change in storage over time. A few different methods have been used to estimate the storage
of C,n, either based on observations of biogeochemistry variables, or by transient tracers (see
Sabine and Tanhua (2010) for a review).

On a global scale, different methods converge within the uncertainties, but significant
differences persist regionally (e.g. Waugh et al., 2006, Khatiwala et al., 2009). Multivariate
techniques (e.g. Friis et al., 2005, Clement and Gruber, 2018) can be used to disentangle
variability and calculate decadal-scale trends. A global estimate of the storage of anthropogenic
carbon finds an increase of 34 + 4 Pg C between 1994 and 2007 (Gruber et al., 2019a), indicating
a mean F,; uptake of -2.6 + 0.3 Pg C (negative flux into the ocean) annually over this time
frame. This relatively accurate (~12%) estimate provides an important benchmark for the ocean’s
role in sequestering anthropogenic carbon, and acts as a direct constraint on the net magnitude of
the land flux given low uncertainty on fossil fuel emissions and atmospheric carbon
accumulation. The magnitude of the uptake implies that the ocean is continuing to take up
anthropogenic carbon at a rate proportional to anthropogenic carbon emissions.

A critical element to the success of global estimates of anthropogenic carbon stocks and
changes in carbon storage is the GLODAP data product (Key et al., 2004), which collects all
carbon-relevant interior ocean data into a product that has undergone the extensive quality
control (Tanhua et al., 2010) required to quantify small changes over a large background. This
data product is now being released on an annual basis and the GLODAPv2.2020 version contains
data from over 1.2 million water samples collected during 946 cruises (Olsen et al., 2020).
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4.2 Bottom-up Estimates of Ocean-Atmosphere CO, Fluxes from Observations of Surface
Ocean pCO;

In order to understand the ocean carbon sink on annual to interannual timescales relevant
to climate change policy, more frequent estimates of the sink are required than those produced
from decadal timescale interior ocean observations. These data come from observations of the
surface ocean partial pressure of CO, (pCO,), and are used to directly estimate net air-sea CO,
fluxes (Fnet). The reported variable is surface ocean fugacity of CO, (fCO;) which equals the
partial pressure of CO, corrected for the non-ideal behavior of the gas (Pfeil et al., 2013). The
fugacity of CO; is 0.3-0.4% smaller than the partial pressure of CO, (Zeebe and Wolf-Gladrow,
2001). For simplicity, we use the terminology pCO; to refer to these data for the remainder of
this paper. Over the past decade, the number of publicly available observations of pCO, has
increased rapidly from 6 million in the first release of the Surface Ocean CO, Atlas (SOCAT)
database (Pfeil et al., 2013, Bakker et al., 2014, 2016, 2020) in 2011 to 28 million in 2020
(www.socat.info). These observations and their automated organization into a consistent
database have enabled scientists to create a variety of new observationally-based estimates of the
ocean carbon sink that use correlated data (sea surface temperature, salinity and height,
chlorophyll, mixed layer depth) to drive upper ocean extrapolation techniques and machine-
learning algorithms so as to fill the observational gaps (Rodenbeck et al., 2014; 2015,
Landschutzer et al., 2013; 2014; 2020; Denvil-Sommer et al., 2019, Gregor et al., 2019).

As the SOCAT database currently offers pCO, data for only ~2% of all 1° x 1° locations
across the surface ocean, the extrapolation is quite significant. Nonetheless, comparisons of the
extrapolated, observationally-based products to independent data indicate relatively low bias and
convergence of the independent estimates (Gregor et al., 2019). Root mean square errors
(RMSE) range from 10 to 35 patm. The fact that bias and RMSE comparisons are largely
consistent across the variety of approaches suggests that it is data sparsity rather than
extrapolation methodology that is now a fundamental limitation on further error reduction
(Gregor et al., 2019). Additional tests of the machine-learning based extrapolation approaches
using an Earth System Model testbed indicate that they generally have low bias and are skillful
in representing the amplitude and timing of seasonality across the global ocean. However, higher
and lower frequency variations are more poorly represented because of inadequate sampling on
these timescales (Gloege et al., 2020, Stamell et al., 2020). Several challenges remain in using
these data, including the uneven distribution of data over time, methodological differences in the
calculation of air-sea flux from pCO, (Fay et al., 2021, Woolf et al., 2019, Zavarsky and
Marandino, 2019), and the potential need for adjustments to pCO, data to account for near-
surface temperature and salinity gradients (Watson et al., 2020).

Despite the significant extrapolation and remaining uncertainties, it is a major advance
for ocean carbon cycle science to have spatially-resolved, data-based estimates of air-sea CO;
fluxes on monthly timescales. This allows for new investigation into the magnitudes and
mechanisms of interannual and decadal variability in the ocean carbon sink, and a key point of
comparison to ocean models that were previously the only basis for this analysis. Models are
discussed in the next section, and results are compared in the following.

4.3  Bottom-Up Estimates of Ocean-Atmosphere CO, Fluxes from Ocean Models
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Global ocean biogeochemical hindcast models estimate interior ocean carbon cycling
and, from this, air-sea CO; fluxes. Models simulate the carbon distribution in the ocean with
currents, water mass formation and mixing, and for biological carbon turn-over. The bottle-neck
for ocean carbon uptake in the models, as in the real world, is the carbon transport across the
mixed layer depth. As a result, the models’ carbon uptake is sensitive to simulated physics
(Doney et al., 2004; Goris et al., 2018; Huber and Zanna, 2017). Models can also provide air-sea
flux estimates prior to the 1990s when surface pCO, observations were rare.

Models are routinely evaluated against observations or observation-derived estimates
that characterize the physical and biogeochemical state of the ocean for the last several decades
(Doney et al., 2004; Schourup-Kristensen et al., 2014; Aumont et al., 2015; Schwinger et al.,
2016; Stock et al., 2020). For the suite of models used in the Global Carbon Budget, comparison
of pCO; at observed locations from SOCAT reveals the models’ ability to capture variability and
trends on annual (RMSE <10 patm) and decadal timescales (RMSE <10 patm). However, large
model-data mismatches on the seasonal timescale also exist (RMSE of 20-80 patm; Hauck et al.,
2020). Despite concurrence on annual and decadal timescales, ocean carbon sink estimates
diverge (Hauck et al., 2020), indicating the available data do not fully constrain the models’
emergent carbon sink.

Global ocean biogeochemical models are routinely used to quantify the ocean sink in the
GCB. For example, for 2019, they find that the ocean sink accounted for 22% of 2019
anthropogenic CO; emissions (Friedlingstein et al., 2020). Models have also shed light on
processes behind observed variability such as the weakening of the Southern Ocean carbon sink
in response to increased westerlies (LeQuéré et al., 2007), and to explore the role of stationary
Rosshby waves in subduction of anthropogenic carbon (Langlais et al., 2017). As a component of
Earth System Models, ocean models are the single tool for future projections. In the future, on
timescales from decadal to centennial, models project a decreased carbon sink efficiency due to
changes in the air-sea pCO, gradient, ocean circulation and reduced buffer capacity (Schwinger
et al., 2014, Randerson et al., 2015, Zickfeld et al., 2016, Schwinger and Tjiputra, 2018, Ridge
and McKinley, 2020Db).

4.4 Reconciling Air-Sea Flux Estimates from Different Methods

We must accurately quantify the ocean sink and understand its mechanisms so that the
sink can be monitored as it evolves, and so that reliable projections can be developed. The best
window into our current understanding is the degree to which the above-mentioned independent
estimates of the present-day sink’s magnitude agree. We discuss the degree of agreement in this
section, where a negative flux refers to a flux from atmosphere to ocean, and we discuss
mechanistic understanding in the next section.

Surface ocean carbon observations indicate the net air-sea flux of carbon into the ocean
(Frer~ -1.6 Pg C yr'Y), while interior measurements offer estimates of the anthropogenic uptake
and storage (Fan~ -2.6 Pg C yr''). Dynamic hindcast models as used in the GCB estimate the
total of anthropogenic perturbations, that is the sum of anthropogenic uptake (Fa,) and
anthropogenic climate change induced natural carbon fluxes (Fnat ns). Closure terms of significant
net magnitude (~1 Pg C yr™) are required to bridge the gap between Fetand Fant.

To reconcile flux estimates from pCO,-based data products with ocean models and
estimates from interior data, it is well established that an adjustment due to the riverine input of
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natural carbon that outgasses from the ocean (Fnatriv) must be applied (Sarmiento and Sundquist,
1992; Aumont et al., 2001; Lacroix et al., 2020). Unfortunately, high quality direct estimates of
Fratriv do not exist, and so the closure between surface flux estimates of Fne and Fay remains a
significant uncertainty. Lacking better evidence, values typically used are between 0.45 and 0.78
Pg C yr* (Jacobson et al., 2007, Resplandy et al., 2018), with uncertainty estimates that are
approximately 100% of these mean values. Anthropogenic changes to the riverine input of
carbon are an additional closure term not usually considered with no temporally-resolved
estimates available and one estimate for 2000-2010 suggesting it to be small (0.1 Pg C yr™,
Regnier et al., 2013). No estimates on anthropogenic changes to the outgassing of the riverine
carbon in the ocean are available.

It has also been proposed that climate change is having an effect on the natural carbon
cycle (Fnatns, Le Queré et al., 2010; Gruber et al., 2019a). The magnitude of this non-steady state
component of the natural carbon cycle is still highly uncertain. Fpa; ns has been estimated with one
model for the period 1981-2007 (Le Quéré et al., 2010) and with a back-of-the-envelope
calculation for the period 1994-2007 (Gruber et al., 2019a), suggesting a reduction of Fa by 10
to 15%. Gruber et al. (2019a) estimate Fna; ns by assuming that the accumulation of
anthropogenic carbon in the ocean follows a strictly linear scaling with the atmospheric load.
However, this assumption is known to hold only when the atmospheric growth is strictly
exponential, which has not been the case (Raupach et al., 2014, Ridge and McKinley 2020b), and
thus the resulting estimate of +0.38 Pg C yr™ is likely an upper-bound. Another approach for
estimating Fnat ns 1S t0 USe ocean models that represent the natural carbon cycle, and to make a
reasonable assumption that the total carbon cycle response to climate variability is dominated by
the natural component. With this assumption, models indicate Fna, ns for 1994-2007 of +0.06 to
+0.31 Pg C yr™* (DeVries et al., 2019; McKinley et al., 2020). Better quantification of this term is
clearly needed.

Numbers for the ocean sink efficiency relative to emissions vary between 22% and 45%
in the literature (Friedlingstein et al., 2020; Khatiwala et al., 2013; Sabine et al., 2004). These
seemingly contradicting numbers are explained by different components of the ocean sink
compared to different components of the emissions. Quantitatively the most important choice is
the denominator used. For studies of the interior ocean cumulative ocean sink, efficiency is
calculated relative to anthropogenic fossil emissions: 45% for the industrial era through 2010
(Khatiwala et al., 2013), and 41% for the industrial era through 2007 (Sabine et al., 2004). GCB
estimates compare the ocean sink to total anthropogenic CO, emissions, which includes
emissions to the atmosphere from land-use change. From the GCB, a lower number with an
efficiency of 22% compared to total anthropogenic emissions is estimated for 2010-2019. The
GCB’s approach also includes climate perturbation effects (Fnatns), Which reduces the magnitude
of the ocean sink.

The choice to compare studies of interior ocean accumulation to fossil fuel emissions is
motivated by the fact that these numbers are cumulative over the industrial era, and over this
time, the land use source and land sink have been in approximate balance. Thus, this approach
also circumvents the higher uncertainties associated with land-use changes emissions and the
land sink. The GCB’s approach, on the other hand, acknowledges that fossil fuel and land-use
change emissions increase the atmospheric CO, concentration indistinguishably, and this
determines the magnitudes of the ocean and land carbon sink.
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4.5 Recent Evidence for Decadal Variability of the Ocean Carbon Sink

In the mid-2000s, studies using ocean hindcast models suggested a slowing of the ocean
carbon sink from the mid-1990s and attributed this change to processes in the Southern Ocean
(Lovenduski et al., 2007; 2008; Le Quéreé et al., 2007). In the following decade, the release of
both the LDEO pCO, database and the development of the international SOCAT database
allowed for new analyses of trends in air-sea CO, fluxes directly from observations (Le Quéré et
al., 2009; McKinley et al., 2011; Fay and McKinley 2013). Additionally, a variety of
extrapolations of these data to global monthly coverage were developed (Rddenbeck et al.,
2015), and a recovery of the ocean carbon sink following the low near the year 2000 was noted
(Fay and McKinley, 2013; Landschiitzer et al., 2015; DeVries et al., 2017; Gruber et al., 2019b).
The Southern Ocean was generally identified as a key regional driver of these trends. A number
of studies agreed that the stagnation of the Southern Ocean carbon sink in the 90s was related to
a trend towards a more positive Southern Annular Mode (SAM) index associated with stronger
westerly winds leading to more upwelling of natural carbon and hence dampened net air-to sea
CO; flux (Le Quéré et al., 2007; Lovenduski et al., 2007; Lenton and Matear, 2007; Hauck et al.,
2013).

Increasing nutrient concentrations in surface waters of all sectors of the Southern Ocean
provide further evidence of strengthened upwelling during the late 1990s (lida et al., 2013; Ayers
and Strutton, 2013; Hoppema et al., 2015; Pardo et al., 2017; Panassa et al., 2018). However, the
same driving mechanisms cannot explain the reinvigoration of the sink in the 2000s, as the trends
towards a more positive SAM and stronger winds in the 2000s continued. Asymmetric changes
in atmospheric circulation (Landschutzer et al., 2015), a weaker upper ocean overturning
circulation (DeVries et al., 2017) and regional wind variability (Keppler and Landschiitzer,
2019) were proposed as possible explanations, but no consensus was reached on the driving
mechanisms of the reinvigoration. Several studies concluded that ocean models were
substantially underestimating the magnitude of decadal variability in the ocean carbon sink (De
Vries et al., 2019; Gruber et al., 2019b).

In the last few years, more observation-based estimates have become available (Denvil-
Sommer et al., 2019, Gregor et al., 2019), and now the size of the ensemble of observation-based
estimates and of hindcast models is more comparable. With similar size ensembles for both
observation-based and hindcast models, estimates of decadal variability are more similar in
magnitude and phase, and not as large as the initial observation-based products had suggested
(McKinley et al., 2020; Hauck et al., 2020). Both the ensemble of hindcast models and
observation-based products indicate a larger ocean carbon sink in the early 1990s, then a slowing
of the sink through about 2000, and then a strong and steady recovery through 2018 (Figure 4).
In both the products and models, flux variability is largely homogenous across the globe
(McKinley et al., 2020). The mechanism driving this variability is still unknown.

By representing the surface ocean as a single abiotic box that exchanges water with the
deep ocean at a constant rate, McKinley et al. (2020) are able to reproduce the variability of the
ocean carbon sink with two external forcings (Figure 4). The two external forcings are the
observed atmospheric pCO, and surface ocean temperature anomalies caused by eruptions of
large volcanoes (El Chichon, 1982; Mt Pinatubo, 1991). This result emerges because the
globally-averaged air to sea pCO, gradient - the fundamental driver of the flux - is only 6-10
patm, and thus anomalies in the atmospheric growth rate of a few patm over several years can
rapidly modify the global air-sea gradient. Large volcanic eruptions, such as Mt Pinatubo in
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1991, cause a rapid surface ocean cooling, which increases solubility and creates an uptake pulse
(Eddebbar et al., 2019). Then, as the ocean warms from this rapid cooling, solubility is lowered
and the sink is damped for 5-7 years beyond the eruption (Figure 4).

This model of McKinley et al. (2020) is arguably simple. Yet, it can reproduce the ocean
carbon uptake that occurs in the ensemble mean of much more complex models and observation-
based products. What does this mean? It can be interpreted simply as Henry’s Law operating at
the global scale, wherein the partial pressure in the water is moving toward equilibration with the
partial pressure in the air. Since the atmospheric pCO; continues to increase, the ocean continues
to adjust toward equilibrium. In other words, McKinley et al. (2020) demonstrate that the ocean
carbon sink temporal variability today is likely dominated by the external forcing from an ever-
growing atmospheric pCO; concentration. This perspective is consistent with recent analysis that
shows heat uptake and interior redistribution in the ocean is far more sensitive to the details of
the ocean circulation than is the pattern and magnitude of carbon uptake and storage (Bronselaer
and Zanna, 2020).

Hindcast Models )
1 Observation-based products

Box Model

Net Air-Sea CO, Fluxes (PgC yr")
N
T

4L

1960 1970 1980 1990 2000 2010

Figure 4. Air-sea CO; flux of carbon (Fant + Fnatns) from observationally-based products
(blue), hindcast models (green) and upper ocean diagnostic box model (red); negative flux
into the ocean. Global ensemble means (bold), with 1 sigma and 2 sigma of individual
members (shading). Hindcast ocean models from Global Carbon Budget 2020 (Friedlingstein
et al., 2020). Observationally-based product pCO;, fields have missing ocean areas filled with
a full-coverage climatology (Landschtzer et al., 2020) and air-sea flux calculated as average
of 3 wind reanalyses (CCMP, ERA5S, JRAL5) with a quadratic parameterization (Wanninkhof
2014, Fay et al., 2021); to this Fne estimate, Fyivna= 0.62 Pg C yr (Jacobson et al., 2007,
Resplandy et al., 2018) is added. The upper ocean diagnostic box model (McKinley et al.,
2020) is forced with observed atmospheric pCO, and surface ocean temperature changes
associated with the eruptions of three large volcanoes (Agung 1963, El Chichon 1982, and
Mt. Pinatubo 1991; Eddebbar et al., 2019).
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4.6 Advancing Understanding of the Current and Future Ocean Carbon Sink

In order to continue to quantify the global carbon cycle, the constraint provided by the
relatively low-uncertainty estimates for decadal anthropogenic carbon accumulation must be
maintained. To better quantify fluxes on monthly to decadal timescales, increased observational
capacity at the surface and higher fidelity models are needed. In order to be prepared to support
climate management efforts in the near-term, the likely behavior of the ocean sink under
emissions mitigation must receive increased attention.

Observations of ocean interior carbon require measurements with high accuracy and
precision due to the small perturbations on a large background signal. For example, in 2010, the
Cant content was ~160 Pg C out of a total inorganic carbon content of ~39,000 Pg C. For the
surface ocean flux estimates, the high spatiotemporal variability in pCO, and a low average
deviation from air-sea equilibrium concentration needed to drive the observed net flux, i.e. a net
flux of ~2.5 Pg C yr™ over a total flux of ~90 Pg C yr™, indicates that accuracy and data
coverage are possibly the most important components of the observing system. There is a
seasonal bias in the observing system, with fewer observations being made in winter at high
latitudes. This is particularly important for observations of surface fluxes, which tend to be high
in winter, but less so for the interior ocean observations where seasonality tends to be low below
the winter mixed layer.

4.6.1 Expanding autonomous observations:

Although ship-based observations remain a central resource for the carbon observing system,
these are expensive and tend to be seasonally biased. Driven by these demands, there is a
continuous development of sensors for inorganic carbon system measurements with at least some
of these attributes; increased precision and accuracy, lower power consumption and lower
instrument drift (Johnson et al., 2016; Sabine et al., 2020; Seelmann et al., 2019; Sutton et al.,
2014). Similarly, there is a continuous development of autonomous platforms capable of carrying
sensors for ocean carbon. These include moorings (Sutton et al., 2014), profiling floats (e.g.
BGC Argo, Claustre et al., 2020), underwater gliders (Rudnick, 2016), and autonomous surface
vehicles powered by wind or waves (Sabine et al., 2020). These developments are rapidly
changing the capability to monitor ocean carbon with higher spatial and temporal resolution. For
instance, observations from Biogeochemical (BGC) Argos floats enable the calculation of
surface pCO, (from pH and alkalinity estimates) with reasonable accuracy and precision, ~11
patm (Takeshita et al., 2018; Williams et al., 2017). Although not as good as the 2 patm target
for the ship-based observations, this system has shown potential to fill spatiotemporal gaps in the
observations, with important implications for the carbon flux estimates. For example, Bushinsky
et al. (2019) report on significantly lower uptake of carbon in the Southern Ocean by including
winter time pCO; from BGC-Argo floats using a neural network interpolation.

4.6.2 Improved constraints on carbonate chemistry:

Although individual components of the ocean carbon observing system have high technical
readiness levels, the new capabilities have not yet been integrated with existing, well-tested
technologies to provide an observing system that can quantify ocean carbon uptake to within
10%. One key need is an improved understanding of the ocean inorganic carbonate system.
There are four measurable inorganic carbon variables in the ocean - total alkalinity (TA), total
dissolved inorganic carbon (DIC), pH and fCO,. By measuring two out of those, the complete
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inorganic carbon system can, in theory, be calculated. Small errors in the dissociation constants,
the boron-salinity ratio, and small contribution to the total alkalinity from unknown bases, can
cause significant discrepancies in directly measured and calculated carbon variables (Fong and
Dickson, 2019, Takeshita et al., 2020). A recent study by Alvarez et al. (2020) shows that
inconsistencies between calculated and measured pH has decreased during the last decade, and
they conclude that improved standard operating procedures for measurements and calculation of
pH are urgently needed. An improved understanding of these issues is essential to fully utilize
data from, for instance, BGC Argo floats equipped with pH sensors.

4.6.3 High-quality, timely data:

As noted above, the anthropogenic perturbation in the global ocean is more than an order of
magnitude smaller than the background natural state. Thus, if we are to track the changing
anthropogenic carbon uptake by the ocean, we must maintain very high standards for accuracy
and precision of carbon system data. New autonomous technologies offer great promise for
expanding the observing system, but cannot be incorporated into the observing system if this
substantially increases overall uncertainties. For the foreseeable future, ship-based measurements
will continue to be required to calibrate and validate autonomous observations. Cross-over
evaluations should occur both with deployment and post-deployment (Fay et al., 2018). At the
same time, ocean carbon data should be ingested into publicly-released databases (SOCAT,
GLODAP) in a timely manner that supports at least annual diagnoses of the ocean carbon sink. It
is essential that these data be carefully quality controlled. As the timescales at which the user
community requires these diagnoses become shorter, these data will need to be available more
quickly.
4.6.4 Improved quantification of closure terms to link estimates of surface flux and interior Cgn
accumulation:

In order to reduce uncertainties in the global and regional ocean carbon cycle, we need to
understand how interior-based estimates of F,n; and surface flux estimates of Fp are
quantitatively linked. A key barrier to this is the significant magnitude and high uncertainty in
current estimates for natural fluxes of carbon in rivers (Fnaiv) and interannual variability in the
natural carbon cycle (Fnat, ns)-

4.6.5 Constraining mechanisms of surface flux variability:

Though recent work has identified the important role of external forcing from atmospheric pCO
and volcanoes in driving ensemble-mean estimates of recent variability of the ocean carbon sink,
individual models and individual observation-based products deviate from the mean of the
ensembles (Hauck et al., 2020, McKinley et al., 2020). These deviations are due to internal
variability of the ocean circulation and biology in each individual ensemble member. We do not
currently have understanding of which of these individual estimates best represent the real ocean.
To understand the actual total variability of the real ocean carbon sink (total = forced + internal),
we need to select the observation-based products and models of highest fidelity. More stringent
application of observational constraints can allow for focused analysis of the mechanisms driving
variability in the highest-fidelity models and help improve others.

Another approach for combining observations and models is through data-assimilation
that constrains the model ocean state and fluxes using observations, and closes data gaps by
model dynamics rather than extrapolation. While assimilation applications so far have not
provided annually updated global ocean sink estimates with full spatial and temporal
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resolution (e.g., Mikaloff Fletcher et al., 2006; DeVries 2014; Verdy and Mazloff, 2017;
DeVries et al., 2019), the first spatially and temporally resolved global data-assimilated models
are starting to become available (Carroll et al., 2020).

4.6.6 Potential change in the natural carbon cycle:

Climate change induced modifications of the ocean, such as ocean acidification, warming and
ecosystem composition could significantly influence the transport of particulate and dissolved
organic carbon from the surface to the interior ocean, i.e. the “biological pump”. The efficiency
of this transport is a key factor regulating the atmospheric CO, concentration and is thought to
play a role in regulating glacial / deglacial atmospheric CO, (e.g. Galbraith and Skinner, 2020).
For instance, Marsay et al. (2015) suggest that a warmer ocean might lead to reduced
sequestration of CO; by the biological pump. Complex interactions in the marine ecosystem will
affect carbon export in a changing climate in ways that are difficult to predict and currently
inadequately quantified (Laufkotter et al., 2015, 2016, Frolicher et al., 2016).

4.6.7 The future ocean sink under scenarios of emission mitigation:

On centennial timescales under high emissions scenarios, slowing of the overturning circulation
and reduced buffer capacity will significantly slow the rate of ocean carbon uptake (Randerson et
al., 2015, Ridge and McKinley 2020b). But how will the ocean sink evolve under the
increasingly more likely scenario of emission mitigation (Hausfather and Peters, 2020)? Given
that the long-term growth and interannual variability of the ocean sink observed to date is driven
by the exponential growth of atmospheric pCO; (Joos, 1996, Raupach et al., 2014, McKinley et
al,. 2020, Ridge and McKinley, 2020b), the ocean sink can be expected to slow in parallel to
slowing in the growth rate of atmospheric pCO,. In effect, the anthropogenic carbon stuck in the
near-surface ocean will begin to equilibrate with the atmosphere and the sink will be
significantly reduced in response to the mitigation of emissions. This will occur simply due a
change in the growth of atmospheric pCO, - no change in the ocean circulation or buffer capacity
is required (Ridge and McKinley, 2020b). Slowing of the ocean sink will feedback on the
atmosphere, reducing the effectiveness of mitigation actions and increasing climate warming.

Though a series of idealized studies have established the general fact that the ocean sink
will be reduced with mitigation (Joos et al., 1996, Raupach et al., 2014, Zickfeld et al., 2016,
Schwinger and Tjiputra, 2018, MacDougall et al., 2020, Ridge and McKinley, 2020b), the
spatially and temporally resolved response of the ocean sink to emission mitigation has received
little attention. Thus, we do not know how rapidly the ocean sink will slow, nor where surface
flux changes will be most substantial. We do not know what will be required from our
monitoring systems to detect these changes.

Current uncertainties in ocean models suggest despite the fact that the current ensemble
of models largely agrees as to the recent evolution of the sink (Figure 4), there may be
substantial divergence in feedback strength and ocean sink response to emission mitigation.
Since the majority of the anthropogenic carbon is held in the ocean's thermocline (Gruber et al.,
2019a), the circulation here is critical to the ocean sink’s near-term response to mitigation
(ludicone et al., 2016, Rodgers et al., 2020, Ridge and McKinley 2020b). There is substantial
spread in the regional distribution of ocean carbon uptake in current models (McKinley et al.,
2016, Hauck et al., 2020), and major differences in representations of seasonality (Mongwe et
al., 2018), which illustrates knowledge gaps with respect to physical and biological processes
and their representations in models. In addition, circulation in these critical upper-ocean regions
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683  is not consistently represented in state-of-the-art models (Bronselaer and Zanna, 2020).

684  Uncertainties in the ocean sink under mitigation need first to be assessed, and then they need to
685  be reduced by model development efforts so that robust projections can be made. Especially in
686  these first decades of climate management via emission mitigation, there will be great public
687 interest in how emission cuts are changing atmospheric CO,. Scientists need to be prepared to
688  explain ocean carbon sink changes as they occur.

689 5 The Terrestrial Carbon Cycle

690 The terrestrial carbon cycle is characterized by large, spatially diffuse fluxes that should
691  generally balance on multi-year time scales. Its primary stocks and fluxes are summarized in

692  Figure 5. The Gross Primary Production (GPP) was estimated to be 123 Pg C yr™* from an

693  analysis of direct flux observation made by a network of eddy covariance towers (Beer et al.,
694  2010). Roughly one third of this (40.8 Pg C yr™) is produced in the tropical forests, and one

695 quarter (31.3 Pg C yr™) in the tropical savannas, making the tropics by far the largest contributor
696  to global GPP. Temperate and boreal forest are estimated to have a GPP of only 9.9 Pg C yr™
697 and 8.3 Pg C yr. When integrated over the globe, the GPP of croplands contributes an estimated
698 14.8PgCyr™.

Atmosphere
880

Net terrestrial
uptake
50.5+6.5 Microbial
respiration and
Soil carbon decomposition
1500 39+6

Fossil pool 10000

Figure 5: the land carbon cycle, showing the primary fluxes and reservoirs. The sources for
the fluxes, shown in yellow, are listed in Table 2. Stock estimates are shown in white.
Atmospheric carbon stocks were calculated assuming 410 ppm CO, and 1.884 ppm methane.
Plant biomass stocks were taken from Spawn et al. (2020). Soil carbon stocks are from
Scharlemann et al. (2014). Fossil pool stocks are from Ajani et al. (2013). (Adapted from
U.S. Department of Energy Genomic Science program - https://genomicscience.energy.gov).
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Welp et al. (2011), using oxygen isotopes, suggest that this value of Global GPP may be
too low and would be closer to 150 -175 Pg C yr™*. However, Anav et al. (2015) argue that Welp
et al. used a limited number of observations and a simple model that included gross
photosynthesis, but neglected photorespiration by land plants . They note that plants immediately
respire away 20-40% of the carbon fixed by photosynthesis. When photorespiration is included,
they note that these GPP values are more in line with those obtained from other methods.

Global Autotrophic Respiration is estimated at 64 (+12) Pg Cyr™ (lto, 2020). This is the
term that is also called maintenance respiration and consists mainly of dark respiration. Precise
determination is difficult as it also involves a substantial below ground component. It is expected
to vary with biome and climate (Ito, 2020). Estimates of Net Primary Production (NPP), GPP
minus autotrophic respiration, are generally assumed to be of the order of 50% of GPP (i.e. Ito,
2020), but Ciais et al. (2020) suggest values in the range of 44-57 Pg C yr™. They suggest that
decomposition of organic matter or soil (heterotrophic) respiration (SHR) produces 39 Pg C yr™
within an interquartile range of 33-46 Pg C yr™. This estimate is lower than conventionally
assumed but agrees with recent large-scale estimates based on site soil respiration measurements
(e.g. Jian et al., 2020). An additional flux to the atmosphere of 8.3 + 9 Pg C yris due to a series
of processes listed Table 2. The remainder of GPP-NPP-SHR and these additional losses
constitutes how much carbon is currently taken up by the land, and yields a value of the Net
Ecosystem Exchange (NEE) of 2.2 + 0.6 Pg C yr™. This value is derived from a combination of
methods such as close analysis of stock changes, flux measurements and inventories at the
continental scale obtained during the Regional Carbon Cycle Assessment and Processes
(RECCAP) Project. It is clear from the above description that the terrestrial carbon cycle is
complex, composed of many, sometimes interacting elements, that often are not easy to

quantify.

Table 2: Land Carbon Fluxes (Note: numbers without uncertainties are assumed to have
uncertainties comparable to their stated values.)

Quantity Flux (P Cyr?) Reference
Gross Primary Production (GPF) 1238 1
Met Primary Production ~50.5 (44 - 57) 2
Autotrophic Respiration 64 =12 3
Soil Heterotrophic Respiration 39 (33 - 46) 2
Qutgassing by Rivers, Lakes and Estuaries 0.8t0 2.3 2
Fires 1.6 2
Consumption of Harvested Crops 15 2
Land Use Change 1.1 2
Grazing 1.0 2
Biogenic Reduced Carbon 0.8 2
Decay and Burning of Wood Products 0.7 2

‘Beer et al. (2010); *Ciais et al. (2020); ’Ito (2020)
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723 5.1 Bottom-up Estimates of CO, Emissions from Land

724 Fluxes of carbon between the land biosphere and atmosphere have traditionally been

725 inferred from changes in land carbon stocks. To create a "bottom-up" estimate of the CO,

726  emissions or uptake due to deforestation, reforestation, disturbance, or land use change requires
727  information about the area affected, the corresponding carbon stock per unit area, and the

728  fraction of carbon exchanged with the atmosphere due to the observed change. In practice, all
729  three of these properties are challenging to quantify accurately (e.g., Saatchi et al., 2011,

730  Ramankutty et al., 2007; Pearson et al., 2017), but all have benefited from new in situ and remote
731 sensing measurement techniques and more advanced bottom-up modeling techniques.
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Figure 6. Maps of above and belowground living biomass carbon densities. (a) Aboveground
biomass carbon density (AGBC) and (b) belowground biomass carbon density (BGBC).
Maps have been aggregated at 5 km spatial resolution (Spawn et al., 2020).
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Improved estimates of the area affected by the change have been facilitated by the
availability of high-resolution space-based remote sensing observations from sensors such as
LandSat, Moderate Resolution Spectroradiometer (MODIS) and Sentinel-2. Until recently,
estimates of the carbon stocks per unit area associated with above-ground and below ground
biomass still relied primarily on in situ measurements collected from a limited number of
dedicated research plots at regular intervals (e.g. Pan et al., 2011). However, the increasing
availability of above-ground biomass estimates derived from light detection and ranging (Lidar)
and radio detection and ranging (radar) sensors on airborne and space-based platforms is
providing improved spatial coverage and temporal sampling frequency. Soil carbon inventories
still rely exclusively on in situ measurements, that are often characterized by limited spatial
coverage and infrequent (decadal) repeat intervals (Ciais et al., 2014).

Figure 6 shows a map of global biomass (Spawn et al., 2020). This map was produced by
combining and harmonizing several satellite products and site information. This involved using
the satellite products of biomass with land cover with machine learning techniques to produce
aerial estimates, and link this to below ground carbon density information (see Spawn et al.,
2020 for more detail ). These estimates yield a total living biomass of 409 Pg C, composed of an
above ground biomass of 287 Pg C and a below ground biomass carbon density of 122 Pg C.
Note that this is several orders of magnitude smaller than the ocean carbon reservoir, and in fact
more comparable to the amount of total anthropogenic carbon stored in the ocean (160 Pg C).

CO; exchanged between the land and the atmosphere can be measured in situ using
networks of eddy covariance flux towers, such as those deployed by FLUXNET (Baldocchi et
al., 2001). The global network of eddy covariance sites have grown substantially over the past 25
years, with some records spanning that full period. These data provide unique constraints on the
CO, fluxes from a broad range of vegetation types, climate regions and disturbance types.
Globally, this network still has large gaps, particularly in the tropics, and each flux tower has a
limited spatial footprint. Thus, early efforts to upscale results from local to regional scales often
introduced large uncertainties (Baldocchi, 2003; Jung et al., 2009; Beer et al., 2010; Xiao et al.,
2012; Keenan and Williams, 2018).

More recent methods that combine flux tower data with other remote sensing data in
machine learning algorithms to produce upscaled fluxes (see Jung et al., 2020 for a review) yield
global GPP estimates that agree well with those obtained from other methods, while providing
insights into the processes controlling the carbon cycle of the land biosphere and their changes
over time, particularly in the temperate Northern latitudes. Using radar derived estimates of
biomass and soil carbon data from the harmonized world soil database and other sources
combined with flux estimates of the global product of Beer et al. (2010), Carvalhais et al. (2014)
calculated residence times of carbon. They found that the sensitivity of the residence time to soil
moisture and temperature did not agree with the sensitivity of a set of DGVMs, while the overall
pattern of increasing residence time at higher latitudes was reproduced. The following sections
summarize recent results from bottom-up inventories that combine plot-based in situ
measurements and remote sensing observations to constrain the carbon uptake and emissions
from the land biosphere.

5.2 Indications of a Declining Tropical Land Sink from Bottom-up Inventories
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The carbon sink associated with intact tropical forests has been a major focus of bottom-
up inventory methods like those described above. For example, Pan et al. (2011) estimated the
intact tropical forest carbon sink to be approximately 1.2 Pg C yr ' over 1990-2007 using an in
situ inventory derived from up-scaled plot measurements. Hubau et al. (2020) present a more up-
to-date assessment of the carbon sink in African and Amazon forest and conclude that while the
African sink strength showed no trend (0.66 Mg C ha™ yr'), the Amazon forest sink slowed
down —0.034 Mg C ha™* yr between 1983 and 2010, citing Brienen et al. (2015). The results
presented in Figure 7 show that this trend has persisted. Hubau et al. (2020) attribute the
downward trend in the sink strength by intact forest primarily to increased mortality of live
biomass. Disentangling the compound effects of CO, fertilization (i.e. the increased rate of
photosynthesis resulting from increased levels of CO; in the atmosphere), increased temperature
and drought, they imply that chronic long-term environmental change factors, temperature and
CO,, rather than simply the direct effects of drought, underlie longer-term trends in tropical
forest tree mortality. Temperature increases enhance respiration and a reduce growth by
increasing the vapor pressure deficit (VPD).
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Figure 7. Time series of carbon dynamics from structurally-intact old-growth tropical forests
in Africa and Amazonia from 1985 through 2015 (Data: Hubau et al., 2020).
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While it is difficult to show the impact of climate extremes such as strong EI Nifios using
in situ inventory data alone, bottom-up inventories of above ground biomass stocks compiled
from microwave remote sensing observations provide a temporally denser record of such
impacts. For example, contrary to Hubau et al. (2020), Wigneron et al. (2020) show that there
was a strong legacy effect after the 2015-2016 EI Nifio event in both African and Amazon forest
(0.9 and 0.5 Pg C loss in 2014-2017 respectively). For the overall tropics, Fan et al. (2019) use
Vegetation Optical Depth (VOD) data from microwave sensors to show how changes in the
above ground biomass of the forest of Tropical Africa and Tropical Asia contributed strongly to
the interannual variability in CO, growth rates, while for semi-arid regions, those of Tropical
America were the most important.

The net balance of tropical forest biomass remains the sum of the carbon gain from intact
forest minus land use change, which is mostly deforestation. Estimates of deforestation in the
Amazon fell from about 15000-20000 km?yr™ in the 1990s to about 6000 km?yr™in 2016-2017,
but have recently peaked again
(http://terrabrasilis.dpi.inpe.br/app/dashboard/deforestation/biomes/legal_amazon/rates) to
around 10000 km?yr™. Preliminary analysis suggests that this increase would cause 12-14
teragrams of carbon (Tg C) to be released annually, compared to 8-10 Tg C over the period
2005-2015. The strong El Nifio of 2015-2016 caused an estimated release of almost 19 Tg C,
(https://www.globalfiredata.org/regional.html#amazonas) of which, 75% was due to forests.

Another possible cause of mortality could be a decrease in photosynthesis or GPP.
Quantitative estimates of these quantities are now available from space-based observations of
solar induced chlorophyll fluorescence (SIF). As plants absorb sunlight to perform

Figure 8. OCO-2 observations of SIF for (a) 1-15 September 2016; (b) 1-15 December 2016;
(c) 1-15 March 2017, and 1-15 June 2017. Blue indicates low SIF and therefore low
photosynthetic activity. The warmer colors indicate higher SIF and higher photosynthetic
activity (Yina Sun, Personal communication,2018).

photosynthesis, a faction of that light (< 2%) is re-emitted at longer wavelengths (fluorescence),
which can be detected in the cores of strong solar Fraunhofer lines by high resolution space-


http://terrabrasilis.dpi.inpe.br/app/dashboard/deforestation/biomes/legal_amazon/rates
https://www.globalfiredata.org/regional.html#amazonas
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based spectrometers (Frankenberg et al., 2014; Sun et al., 2018). SIF is a rapidly-responding
indicator of light use efficiency that has been adopted as a functional proxy for GPP (Figure 8).
Koren et al. (2018) find that SIF was strongly suppressed over areas with anomalously high
temperatures and reduced availability of soil moisture. SIF fell below its climatological range
starting from the end of the 2015 dry season (October), but returned to normal levels by February
2016 when atmospheric conditions returned to normal. Importantly, the impacts of the EI Nifio
were not uniform across the Amazon basin.

The eastern part of the Amazon experienced a much larger (10-15%) reduction in SIF
than the western part (2-5%). Koren et al. estimated the integrated loss of GPP across the
Amazon basin relative to eight previous years to be 0.34 — 0.48 Pg C in the three-month period
October-December 2015. Ciais et al. (2020) calculated a small sink of 0.06 Pg C yr™ using a
combination of top down and bottom up inventories for the whole of South America, albeit with
a large uncertainty of 0.29 Pg C yr™. Thus, in contrast with the African sink, which shows no
trend, the Amazon forest sink strength appears to be gradually declining, and that extreme events
imposed on this trend cause additional losses.

5.3 Evidence for a Global Greening from Bottom-up Inventories

In a recent analysis of land use change over 1982-2016, Song et al. (2018) show that
global tree cover has increased by 2.24 million km? (+7.1%) relative to the 1982 value. This
overall net gain is the result of a net loss in the tropics being outweighed by a net gain in the
extra tropics. Global bare ground cover has decreased by 1.16 million km? (—3.1%), most notably
in agricultural regions of tropical and subtropical Asia. Of all land changes, 60% are associated
with direct human activities and 40% with indirect drivers such as climate change.

Several factors are thought to impact vegetation greening, including rising atmospheric
CO, concentrations, climate change, nitrogen deposition and land- use changes. Supporting the
conclusions of Song et al., using long-term satellite records, Piao et al. (2020) find a significant
global greening of vegetated areas since the 1980s, which they suggest has continued past 2010
(Figure 9). The most pronounced greening is observed in China and India and is due to
afforestation and in particular agricultural intensification. They also analyzed a set of DGVMs
that suggest CO,, fertilization is the main driver of global vegetation greening. In addition,
warming was the major cause of greening in boreal and Arctic biomes. However, in contrast to
this result and in line with Hubau et al., they find that CO, fertilization had negative effects on
greening in the tropics. Overall, they suggest that the greening contributed to mitigation of global
warming through enhanced land carbon uptake and evaporative cooling, but could also lead to
decreased albedo, which could potentially cause local warming.
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Piao et al. (2020) find widespread greening occurred since the 1980°s north of 50°N.
Warming was considered the major cause of greening in boreal and Arctic biomes. However, a
small, but persistent browning was seen at 3% of the high latitudes between 1982 and 2014. Such
browning trends are caused by trends in disturbances such as fires, harvesting and insect
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851 defoliation (Beck and Goetz, 2011). North American boreal forests exhibit browning areas nearly
852 20 times larger than the Eurasian boreal forests. Importantly, dramatic increases in fire
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Figure 9. Changes in satellite- derived global vegetation indices, including anomalies in the
normalized difference vegetation index (NDVI), Enhanced Vegetation Index (EVI), near-
infrared reflectance of vegetation (NIRV), vegetation optical depth (VOD) and contiguous
solar- induced fluorescence (CSIF) (Data: Piao et al., 2020.)

853  disturbances and insect infestation such as those from the bark beetle have also been seen in
854  browning areas, partially offsetting the decades long greening trend.
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While the CO, emissions and uptake by agriculture and other land use practices are still
highly uncertain, there is growing evidence that these activities are contributing to the global
greening trend. Zeng et al. (2014) analyzed the impact of the Agricultural Green Revolution,
which enhanced crop yields through hybridization, irrigation and fertilization, on the amplitude
of the atmospheric CO, seasonal cycle. They use a DGVM to analyze CO, observations and
atmospheric inversions for the 50-year period extending from 1961 to 2010. Between the
decades 1961-1970 and 2001-2010, they attribute the observed the ~15% increase in the CO,
seasonal amplitude to a peak growing season that now starts ~10 days earlier and lasts about two
weeks longer, with the land biosphere absorbing ~0.5 Pg more carbon at its peak in July than it
did at the beginning of the period. They find that the increased CO, seasonal amplitude
originates primarily from two regions: the midlatitude cropland between 25° N and 60° N and the
high-latitude natural vegetation between 50° N and 70° N. Zeng et al. note that the leading role of
mid-latitude cropland in CO, uptake is reinforced by recent space-based observations of SIF,
which show that at the peak of the growing season, cropland is substantially more productive
than surrounding dense forests with similar climate conditions. These conclusions are reinforced
by other studies of the relationship between SIF and crop productivity (Guan et al., 2016; 2017,
He et al., 2020).

5.4 Current Status and Next Steps in Bottom-up Land Carbon Observations and Analysis

The overall picture that emerges from recent observations of aboveground biomass stocks
is that the classical sinks in the tropical humid forests are slowly losing their sink strength, with
these changes amplified by deforestation. In extra-tropical areas, greening has taken place due to
afforestation and increased agriculture. At Arctic latitudes, browning, i.e. a loss of vegetation
activity, is increasing. These trends provide the fragile background for a still slowly increasing
land uptake. The underlying causes for these increases are complex and consist of interacting
processes of CO, fertilization, nutrient and water availability compounded by climate variability.
On top of this, the impact of human activities including deforestation and intensifying agriculture
are additional complications.

This myriad of interacting processes complicates predictions of the future trajectory of
the terrestrial sink. Until now, the sink has grown in harmony with the increase in fossil fuel
emissions with the result that the atmospheric fraction has remained remarkably constant over
the past 40 years or so. Theoretical and empirical evidence, such as that described here in this
paper, suggest that this may stop at some point in the future. Theoretically it is unlikely that the
global vegetation will continue to grow indefinitely. Water and nutrient shortages will
impede increased growth (Wang et al., 2020). Similarly, the balance between GPP, as
determined by plant photosynthetic properties, and the heterotrophic respiration is expected to
shift. It has long been known that on short time scales, the efficiency of photosynthesis decreases
beyond a critical temperature, while that of heterotrophic respiration continues to increase
(Doughty et al., 2008; Mau et al., 2018). This behavior has recently been experimentally
confirmed by Duffy et al. (2021) using FLUXNET data. How this works out at longer time
scales, when heterotrophic carbon limitation on microbial decomposition may also start playing a
role is virtually unknown (Soong et al., 2021). It is likely that the first signs of a deceleration of
the terrestrial carbon sink, and a decoupling with the fossil fuel increase are already there, and
that the atmospheric fraction will increase.
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One factor that has impeded progress in the analysis of trends inferred from aboveground
biomass stocks is they are not well represented in the current generation of DGVMs. For
example, Sitch et al. (2015) use an ensemble of nine DGVMs to study global and regional
processes and trends in the land sink for a period extending from 1990 - 2009. They conclude
that for this period, the global land sink is increasing, led by CO, fertilization of plant
production, with the largest increases seen in the natural ecosystems of the tropics. They find no
significant trend in northern land regions. This is largely inconsistent with the observations
presented above.

Another cause for concern is the recent finding that the effects of CO, fertilization appear
to decline due to nutrient limitations and water availability (Wang et al., 2020). Like the results
presented above, this conclusion is, largely based on satellite and ground-based data analysis of
NDVI and SIF, and cannot be reproduced by the current generation of DGVMs. A decline in the
effectiveness of CO: fertilization of the order as suggested by Wang et al. (2020) gives cause for
concern of the efficiency of the terrestrial sink going forward. To date, both the land and ocean
sink have increased steadily over time such that the airborne fraction has remained relatively
stable since the 1960s (Raupach et al., 2014). If the land biospheric processes responsible for
maintaining the airborne fraction are disrupted by human activities or climate variability and
change, this could compromise our ability to predict the coupled evolution of the land carbon
cycle and its interactions with an evolving climate.

Fortunately, advances in bottom-up observation capabilities and modeling tools are
coming on line to facilitate more comprehensive and responsive monitoring and analysis of the
land carbon cycle. Ground-based estimates of stocks and fluxes will continue to provide the most
accurate and site-specific information. However, remote sensing observations from airborne and
space-based active and passive sensors and modeling tools will play an increasingly important
role for upscaling these results to yield useful constraints on regional to global scales.

Xiao et al. (2019) review the evolution of remote sensing observations of terrestrial
carbon stocks over the past 50 years, spanning the electromagnetic spectrum from the visible,
infrared, and microwave. They then review the methods being used to analyze the observations
to yield quantitative estimates of carbon stocks and fluxes, including vegetation indices, SIF,
light use efficiency models, DGVMs, as well as data driven (including machine learning)
techniques. Xiao et al. discuss the use of these data and analysis techniques to quantify the
impacts of disturbances and to quantify uncertainties in carbon stock estimates, noting advances
achieved by integrating in situ and remote sensing observations into progressively more
advanced, process-based carbon cycle models. Looking forward, they predict substantial
improvements in our ability to track above ground biomass stocks, through the use of merged
datasets, such as the NASA Harmonized LandSat and Sentinel 2 (HLS) products, ultra-high
resolution imaging products from QuickBird, IKONOS, and UAVS, lidar measurements from
GEDI, future active microwave products from NASA’s NISAR (Rosen et al., 2016), TanDEM-L
and BIOMASS missions (Quegan et al., 2019).

While in situ and space-based measurements of aboveground biomass play a critical role
in efforts to monitor trends in managed and natural forest, they are not sufficient for monitoring
the rapid turnover of carbon stocks in croplands and grasslands. Until recently, high resolution
imaging observations and moderate resolution estimates of vegetation indices provided the
primary tools for scaling up plot-based observations to national and continental scales. Recently,
these capabilities have been augmented by space-based observations of SIF. SIF relates the
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emission of excess radiative energy from the photosynthesis process of leaves at two
wavelengths 685 nm and 740 nm to photosynthesis, or GPP. Estimates of SIF from GOME,
GOME2, GOSAT, OCO-2 and TROPOMI are increasingly being used to monitor crop and
grassland productivity and crop yield prediction (He et al., 2020; Peng et al., 2020; Parazoo et
al., 2020; Qiu et al., 2020; Yin et al., 2020). Future SIF observations from the ESA
FLuorescence EXplorer (FLEX), Japan’s GOSAT-GW, NASA’s GeoCarb, and the Copernicus
CO2M missions promise substantial improvements in resolution.

To fully exploit these new measurements to describe long term trends in the terrestrial
carbon cycle, the in situ and remote sensing measurements must be reconciled so that their
climate data records can be combined to increase their spatial and temporal resolution and
coverage. The protocol for cross-validating aboveground biomass products described by
Duncanson et al. (2019) and the effort by the Forest Observation Initiative to develop a global in
situ forest biomass databases for validating remote sensing observations (Schepaschenko et al.,
2018) are positive steps in this direction. While the current generation of DGVMs and other
terrestrial biosphere models are evolving rapidly and provided key insights into the
processes driving the land carbon cycle, these modeling tools are still yielding widely diverging
results the uptake of CO, by the land biosphere and its trends (i.e. Fisher et al., 2014; Sitch et al.,
2015; Keenan and Williams, 2018; Parazoo et al., 2020). These limitations have raised concerns
about their use in CO; emission inventory development activities (Grassi et al., 2018; Petrescu et
al., 2020). Pioneering model intercomparison efforts such as the Carbon-Land Model
Intercomparison Project (C-Lamp; Randerson et al., 2009) are being followed up by the
International Land Model Benchmarking (ILAMB) project (see https://www.ilamb.org/) to
address these concerns and accelerate the development of these critical tools.

6 The Atmospheric Carbon Cycle

Until recently, the concentrations of atmospheric CO, and other greenhouse gases were
measured in situ by instruments deployed at surface stations, tall towers or on aircraft.
Continuous measurements of atmospheric CO, were initiated in 1958 by Charles David
Keeling of the Scripps Institution of Oceanography, when he established stations at Mauna Loa,
Hawaii and the South Pole. These measurements are now being collected at a global network that
includes the U.S. National Oceanic and Atmospheric Administration (NOAA) Global
Greenhouse Gas Reference Network (GGGRN), the European Integrated Carbon Observation
System (ICOS) network and other partners of the World Meteorological Organization Global
Atmospheric Watch (WMO GAW) program. These in situ measurements provide the most

« Ground-based Aircraft 4 Ship + GHG comparison sites

Figure 10: Spatial distribution of stations in the ground-based atmospheric CO, monitoring
network. The vast majority of the stations are in North America and western Europe. (a) In
situ CO, measurements are collected routinely at the WMO Global Atmospheric Watch
Stations (from WMO Greenhouse Gas Bulletin, 25 Nov. 2019). (b) Solar-looking remote
sensing observations of CO; are collected at Total Carbon Column Observing Network
(TCCON) stations.
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accurate estimates of the CO; concentrations and their trends on global scales. They also
quantify chemical and isotopic tracers, such as carbon-14 (**C), which help to discriminate fossil
fuel from biogenic contributions to the observed CO, trends. Perhaps the most important asset of
the ground based in situ measurements is the length of their climate data records, which now
extend over 70 years. While the ground-based networks have grown over time, the spatial
resolution and coverage of in situ measurements are still far too limited to identify and quantify
the natural and anthropogenic emission sources emitting CO, into the atmosphere and the natural
“sinks” absorbing it at the surface on spatial scales ranging large urban areas to nations. The
coverage is particularly sparse in Arctic, boreal and tropical land regions and over most ocean
basins (Figure 10).

Recent advances in space based remote sensing capabilities are providing new insights
into the current state of the atmospheric carbon cycle as well as the primary processes controlling
its interactions with the land and ocean carbon reservoirs. With the launch of Japan’s
Greenhouse gases Observing SATellite, GOSAT in 2009, and NASA’s Orbiting Carbon
Observatory in 2014, space-based remote sensing measurements are complementing the ground-
based and airborne CO, measurements with much greater spatial resolution and coverage,
yielding tens of thousands of observations over the sunlit hemisphere each day. These two
satellites have recently been joined by their sister missions, GOSAT-2 and OCO-3, providing
additional coverage and resolution. These space-based sensors collect high-resolution spectra of
reflected sunlight within molecular oxygen (O) and CO, bands that can be analyzed to yield
precise, spatially resolved estimates of the column-averaged CO; dry air mole fraction, XCO,.
The principal challenge of this technique is the need for unprecedented levels of precision and
accuracy for a space-based atmospheric trace gas measurement. While intense local sources,
such as large coal-fired power plants or large urban areas can increase the near surface CO,
concentrations by more than 10%, these variations decay rapidly with altitude, such that they
rarely yield XCO; variations larger than 1-2 ppm (0.25 to 0.5%) on the spatial scale of a satellite
footprint (1 to 100 km?). Natural sinks of CO,, such as forests or ocean basins, produce even
smaller changes in XCO,.

In addition to XCO,, these sensors collect simultaneous observations of SIF, providing
additional constraints on the CO, uptake by the land biosphere. The primary challenge of this
approach is the need for unprecedented precision and accuracy to resolve the small (< 0.25% or 1
ppm) XCO, variations associated with surface sources and sinks of CO,. While these space-
based measurements are not as accurate as those collected by ground-based and airborne
systems, they complement those observations with improved coverage and spatial resolution.

Atmospheric CO, estimates collected by ground-based, airborne, and space-based sensors
are now being assimilated into atmospheric inverse models, along with meteorological data and
space based global measurements of the land biosphere to provide new insights into the carbon
cycle. These models illustrate the spatial and temporal relationships between SIF and the
seasonal CO, drawdown in the northern hemisphere spring (Eldering et al., 2017; Byrne et al.,
2018; Yin et al., 2020; Qui et al., 2020). They have also been used to quantify the atmospheric
signature of the land biosphere’s response to the record-setting 2015-2016 El Nifio (Chatterjee et
al., 2017; Liu et al., 2017; Palmer et al., 2019). The high spatial and temporal resolution of these
atmospheric CO, observations, combined with their global coverage, should facilitate the
development of improved diagnostic models for studying processes operating in the present-day
carbon cycle. This evolving land-ocean-atmosphere carbon monitoring system also fosters the
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development of more comprehensive and reliable prognostic models for predicting the evolution
of the carbon cycle as it responds to climate change.

From a carbon monitoring perspective, these atmospheric measurements are now
providing quantitative constraints on CO, emission and uptake at policy relevant spatial and
temporal scales. CO; estimates retrieved from GOSAT and OCO-2 measurements clearly show
persistent positive anomalies associated with the anthropogenic emissions over East Asia,
Western Europe and eastern North America (Hakkarainen et al., 2016; 2019; Wang et al., 2018).
On smaller scales, space-based XCO, estimates are being used to quantify CO, emissions from
large urban areas (Hedelius et al., 2018; Wu et al., 2018; Wu et al., 2020) and individual power
plants (Nassar et al., 2017; Reuter et al., 2019). Estimates of CO, emissions and uptake derived
from atmospheric measurements of XCO, are not as source specific as traditional bottom-up
statistical methods, which infer CO, emissions from fuel use, power generation statistics, etc.
However, they complement those methods by providing an integral constraint on the total
amount of CO, added to or removed from the atmosphere by all natural and anthropogenic
processes.

The availability of high spatial resolution atmospheric emissions products within a few
weeks of acquisition could help to identify and track rapidly-evolving emission hotspots that are
often missed in the bottom-up statistical inventories. As these tools are integrated into a more
comprehensive carbon management system, they could also help carbon managers to assess the
effectiveness of their carbon management strategies, and help to identify emerging emission
reduction opportunities.

6.1 The Tropical Land Carbon Cycle Did Not Recover as Expected from 2015-2016 EI Nifio

As noted above, bottom-up inventories indicate that the strength of the tropical forest sink
is gradually declining over time. This conclusion is reinforced by atmospheric CO, observations.
Gatti et al. (2014), using in situ observations of atmospheric CO,, determined that the Amazon
basin lost 0.48 + 0.18 Pg C yr™* during a dry year (2010), but was carbon neutral (0.06 +0.1 Pg C
yr'Y) when measurements were taken during a wet year (2011). Correcting for carbon losses, they
derived a basin net biome exchange that was carbon neutral during the dry year. During the wet
year, vegetation was a net carbon sink of 0.25 + 0.14 Pg C yr™. The latter value compares well
with the bottom-up estimates by Hubau et al. (2020).



1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061

manuscript submitted Reviews of Geophysics

The availability of time-resolved global measurements of atmospheric CO; at high spatial
resolution is providing a more comprehensive description of impacts of severe weather and
climate on the exchange of carbon between land and ocean reservoirs and the atmosphere on
regional scales. These emerging capabilities were recently demonstrated in studies of the record-
setting 2015-2016 EIl Nifio. GOSAT and OCO-2 measurements collected over the central and
eastern tropical Pacific basin were combined to quantify 0.5 ppm XCO, decreases associated
with reductions in outgassing in the tropical Pacific Ocean during March through July of 2015
(Chatterjee et al., 2017). These reduced CO, values were then replaced by 0.5 to 2 ppm increases
in XCO,, associated with reduced uptake and increased emissions of CO, by tropical forests in
South America, Africa and tropical Asia (Liu et al., 2017; Heymann et al., 2017; Palmer et al.,
2019; Crowell et al., 2019; Figure 11).

3 models x OCO-2 data ‘ —@—-UoE LN
. / -@-LSCE LN

N -e-CsU LN
~@-UoE apriori
~@-LSCE apriori

-~ UoE LG
~-LSCE LG

~#-CSU LG

PgClyear

2015.0 2015.5 2016.0 2016.5 2017.0
Time (year)

Figure 11. CO; fluxes from tropical northern Africa inferred from the University of
Edinburgh (UoE), LSCE and Colorado State University (CSU) models constrained by in
situ CO, measurements as well as XCO; data from GOSAT and OCO-2. Positive fluxes
indicate CO, emissions from the land surface to the atmosphere. LN and LG denote OCO-2
XCO, measurements taken using nadir and glint observing modes, respectively. The
geographical region is shown in the inset. Fluxes inferred from OCO-2 data have larger
amplitudes and a larger seasonal cycle than those from in situ data. An extended mission
will provide new opportunities to validate these results and track their changes (Adapted
from Palmer et al., 2019).
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Liu et al., (2017) find that the pan-tropical biosphere released an additional 2.36 + 0.34
Pg C into the atmosphere, or about 78% of the global total. Emissions originated throughout the
tropics with 0.91 + 0.24, 0.85 + 0.21, and 0.60 £+ 0.31 Pg C from tropical South America, tropical
Africa, and tropical Asia, respectively. Although the enhanced emissions from these three
regions were comparable, different processes appeared to dominate in each region. Fire
emissions dominated over tropical Asia. Both increased respiration and fires associated with
historically high temperatures dominated over tropical Africa. Increased CO, over the Amazon
was attributed to GPP reductions associated with drought. These results support the hypothesis
that El Nifio related increases in CO, growth rates are primarily due to tropical land carbon
fluxes, but they show that specific mechanisms can differ from continent to continent.

18(;‘W 120"W 60;'W 0;' 60;’E " 12(;)'E 18(')°E 180l'W 120;'W GOiW 0" SOL.E 12(;)’E 18(')‘E
Seasonal Anomalies Annual Anomalies -

Figure 12. OCO-2 XCO; estimates indicate that some regions have persistently high
(positive) or low (negative) spatial anomalies that persist from season to season (left,
integrated over the four-year period) and from year to year (right). A longer data record is
needed to determine whether the tropical anomalies reflect short-term climate variations or
long-term climate trends. (Adapted from Hakkarainen et al., 2019).

Palmer et al., (2019) use three different models to analyze in situ CO, measurements
along with XCO, and SIF observations from Japan’s Greenhouse gases Observing SATellite
(GOSAT) and OCO-2 (Figure 11). Like Liu et al., in 2015-2016, they find that the largest CO,
emissions over western Ethiopia and western tropical Africa, where there are large soil organic
carbon stores and substantial land use change. While the amplitude of the XCO; anomalies that
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produced these sources may have been overestimated in the early OCO-2 XCO, products used in
this investigation (version 7), they clearly reveal important components of the tropical carbon
budget that is largely missing from in carbon flux inverse models constrained by in situ
measurements alone.

As the 2015-2016 EI Nifio transitioned to a weak La Nifia in 2017, and then to more
neutral conditions in 2018, OCO-2 XCO; and SIF estimates indicate that tropical forests, once
thought to be significant net sinks of CO, (Pan et al., 2011; Sellers et al., 2018) may now be
persistent net sources (Hakkarainen et al., 2019; Palmer et al., 2019; Crowell et al., 2019).
Hakkarainen et al. (2019) processed OCO-2 Version 9 (V9) XCO, data to remove the seasonal
cycle and reveal spatially persistent anomalies. They find positive XCO, anomalies over tropical
forests with amplitudes as high as 2 ppm above the background (Figure 12). The spatial extent of
the Amazon anomaly was slightly greater during the 2015-2016 EI Nifio than in 2017, but the
positive XCO, anomalies there have persisted from season to season and from year to year
throughout the OCO-2 mission. The Amazon is now a persistent source of CO,, rather than a
sink. Positive anomalies over topical Africa and Southeast Asia are seen on annual time scales.
However, in Figure 11, tropical African fluxes are negative during June-July-August (JJA),
indicating that this region becomes a weak sink during that season (Palmer et al., 2019). These
conclusions are supported by some satellite-based aboveground biomass studies (Baccini et al.,
2017; Wigneron et al., 2020), but are inconsistent with plot-based studies (Pan et al., 2011;
Hubau et al., 2020), which conclude that tropical forests are absorbing less CO,, but are still a
net sink of carbon.

Additional insight into the tropical land carbon cycle can be obtained by comparing
XCO, anomalies to observations of SIF. Specifically, the largest positive CO, anomalies derived
from the space-based XCO, estimates are seen in regions where SIF observations indicate the
highest photosynthetic activity (Figure 8). This suggests that in spite of significant growth,
tropical forests are now emitting more CO, than they absorb, when integrated over the annual
cycle. This may have always been the case, but it may also be due to increased respiration,
drought stress, fires, and other processes.

120W BOE 120E
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Figure 13. (a) GPP from OCO-2 SIF and (B) Net Biospheric Exchange (NBE) from XCO,
and SIF, both expressed in gigatons of carbon per year (Pg C yr™) for 2015-2018. Negative
NBE indicates sinks while positive values indicate sources. NBE is typically < 5% of the
GPP, but is positive in the tropics where we see the highest GPP, in sharp contrast to existing
models (Junjie Liu, Personal communication, 2019).
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These conclusions are reinforced by experiments that assimilate XCO, and SIF results
into atmospheric inverse models (Liu et al., 2017; 2020; Palmer et al., 2019; Chevallier et al.,
2019; Crowell et al., 2019). Even in the Amazon and tropical Africa, where the GPP exceeds 10
Pg C yr* (Figure 13a), the net biospheric exchange (NBE) can still be positive (Figure 13b). This
contradicts results from carbon flux inversion models constrained by in situ data, alone, which
indicate that, at least until recently, these tropical forests were significant net sinks of CO,
(Hubau et al., 2020).

6.2 New Insights into the Extratropical Land Biosphere from Space

Unlike for the tropics, the XCO, anomalies and retrieved CO, fluxes from northern
temperate and boreal forests are generally more consistent with expectations. During the NH
summer (JJA in Figure 12), we see negative XCO, anomalies. Annual average flux inversion
experiments show moderately strong GPP and negative NBE (Figure 13). The OCO-2 XCO; and
SIF measurement therefore indicate that these forests have continued to be significant net CO,
sinks as the CO, seasonal cycle amplitude has grown in response to warming. While mid- and
high-latitude CO; fluxes derived from inverse models constrained by OCO-2 XCO, and SIF
estimates are generally consistent with those from earlier flux inversion experiments constrained
by in situ CO; data alone (Lucht et al., 2002; Graven et al., 2013; Byrne et al., 2018), there are
substantial differences in amplitude and phase in some regions (Reuter et al., 2017; Crowell et
al., 2019; Palmer et al., 2019; Chevallier et al., 2019).

Space-based observations of XCO, and SIF provide unique opportunities to study the
relationships between the land and atmospheric carbon cycles and the hydrological cycle. Yin et
al. (2020) combine SIF with atmospheric CO; observations to quantify the effects of large-scale
flooding on cropland carbon sequestration. Widespread flooding during spring and early summer
of 2019 delayed crop planting across the U.S. Midwest. As a result, satellite observations of SIF
from OCO-2 and the TROPOspheric Monitoring Instrument (TROPOMI) reveal a shift of 16
days in the seasonal cycle of photosynthetic activity relative to 2018, along with a 15% lower
peak photosynthesis. Yin et al. find that the 2019 anomaly produced an estimated GPP reduction
of -0.21 Pg C in June and July that was partially compensated in August and September with a
+0.14 Pg C increase. The growing season integral corresponds to a 4% reduction in cropland
GPP for the Midwest, but a 3% increase for areas where cropland occupies less than 10% of the
land. Using an atmospheric transport model, they show that a decline of ~0.1 Pg C in the net
carbon uptake in June and July is consistent with observed ~10 ppm CO; enhancements in the
midday boundary layer from the Atmospheric Carbon and Transport - America (ACT-America)
aircraft and the ~1 ppm increases in XCO, seen by OCO-2.

In another study, Gonsamo et al. (2019) combined OCO-2 SIF observations with soil
moisture (SM) observations from NASA’s Soil Moisture Active Passive (SMAP) mission to
study the impact of environmental limiting factors on terrestrial ecosystem productivity of
drylands and croplands. For drylands (dry sub-humid, semi-arid, and arid zones) and the majority
of croplands, soil water content is typically low and topsoil moisture is critical for plant growth.
As expected, SMAP SM retrievals show positive daily relationships with OCO-2 SIF for
drylands and croplands of the tropics and Australia, where SM is limiting plant growth and
concurrent data records are sufficient to make statistical inferences. Negative relationships
between SIF and SM were observed in forested areas of mid-latitude dry sub humid zones with
high average annual SM. In these regions, SIF showed a positive relationship with air
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temperature. They find strong evidence that the OCO-2 SIF is accurately capturing monthly
SMAP SM dynamics, particularly for regions with distinct seasonality of rainfall such as Sub-
Saharan North Africa, Indian subcontinent, and southern Africa.

6.3 Lessons Learned from Space-based XCO; Estimates over the Ocean

In general, XCO, anomalies over the ocean were expected to be much smaller than those
over land, but they have still yielded some surprises in first-generation space-based observations
of CO,. For example, the earliest version of the OCO-2 product, version 7 (v7) revealed large (2-
3 ppm) positive XCO, anomalies over the midlatitude ocean (20 — 50 S) in the southern
hemisphere during the Austral winter. These anomalies were initially suspicious because they
were not seen in the XCO, observations from the Total Carbon Column Observing Network
(TCCON) stations at Lauder, New Zealand or Wollongong, or Reunion Island (Wunch et al.,
2017). However, they could not be dismissed immediately because there are few CO,
measurements over the ocean at the latitudes where they had their largest amplitudes. Retrieval
algorithm validation efforts subsequently traced these anomalies to a bias introduced by a thin
layer of volcanic aerosol in the stratosphere that had been neglected in the retrieval algorithm
(O’Dell et al., 2018). This bias was corrected in the version 8 (v8) and later versions of the OCO-
2 products by explicitly retrieving the stratospheric aerosol optical depth.

While the v8 and version 9 (v9) OCO-2 XCO, products were generally more reliable
over the ocean at mid latitudes (O’Dell et al. 2018; Kiel et al., 2019), they included a new
anomaly that compromised their acceptance by the ocean carbon cycle community. In contrast to
existing carbon cycle models, which assume that ocean-atmospheric CO, fluxes are correlated
with ocean surface pCO, values, Figure 12 shows persistent negative XCO, anomalies over the
tropical Pacific and Indian Oceans, where surface ocean pCO; is high (Figure 3, top). The lowest
persistent spatial anomalies in XCO, are seen in regions that receive the highest rainfall (1000 -
3000 mm/year), suggesting a possible correlation. Comparisons of OCO-2 XCO; estimates with
TCCON XCO, observations indicate that the OCO-2 estimates are systematically low over the
topical Pacific and Indian Oceans (S. Kulawik personal communication, 2019), but this does not
expain the apparent spatial correlation of the deepest anomalies with the rain bands. These
spatial correlations are not entirely surprising. Atmospheric CO, dissolves in cloud and
raindrops, reducing the pH of rain to values between 5 and 6 even for regions well away from
anthropogenic nitrate and sulfate acid rain sources (Willey et al., 2000; Bogan et al., 2009; Liu et
al., 2010). Liu et al. (2010) estimate that precipitation transports ~0.2 Pg C yr™ (0.35 to 0.7 Pg
CO,) from the atmosphere to the ocean. This process is not seen in carbon cycle models because
most assume that rain contains no inorganic carbon, and falls with a pH of 7.0. If these OCO-2
XCO, anomalies can be validated, this assumption will have to be revisited.

6.4 The Continuing Need for in situ Measurements of CO, and other Greenhouse Gases

While this first generation of space-based measurements of CO, have provided new
insights into land, ocean, and atmospheric carbon cycles, they have also revealed some key
limitations of this approach, and the continuing need to maintain and expand the ground-based
and airborne atmospheric greenhouse measurement networks. First, while CO, and CH, can now
be measured from space with the accuracies need to quantify surface sources and sinks, other
critical greenhouse gases including nitrous oxide (N20), chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and
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sulfur hexafluoride (SFg) cannot be measured to adequate accuracy. For these gases, as well as
CO; and CHy, in situ measurements continue to provide the most reliable means for tracking
their concentrations on hemispheric to global scales. These measurements therefore continue to
be a critical element of any global stocktake of these gases, like that mandated by the UNFCCC
Paris Agreement. Other species that are useful for discriminating fossil fuel from biospheric CO,
emissions, such as carbon-14 (**C) can also only be measured in situ (Miller et al., 2012; 2020).

While spatial coverage is a critical asset of space-based atmospheric CO, measurements,
there are situations where in situ measurements complement the coverage provided by these data.
For example, remote sensing observations of near-surface CO, can only be collected in regions
that are sufficiently free of clouds and aerosols. In situ measurements are therefore essential in
persistently cloudy regions like those occupied by the intertropical convergence zone (ITCZ),
and the Asian summer monsoon. In situ measurements are also needed at high latitudes during
the winter, where clouds, low sun angles, and the low reflectivity of snow and ice covered
surfaces at shortwave infrared wavelengths reduce the number and quality of remote sensing
observations of CO,. In addition, in situ data from instruments on airborne platforms
complement the vertically-integrated remote sensing results with information about the vertical
profile of CO,, which can provide critical insight into net flux of CO; into the atmosphere.
Finally, because the air-sea flux of CO; is determined mainly by the pCO, gradient between the
ocean surface layer and the atmospheric surface boundary layer, in situ observations of near-
surface atmospheric CO, concentrations are critical over the ocean.

Finally, because both surface in situ and remote sensing observations are more accurate
than space-based remote sensing measurements, these data are critical for validating the remote
sensing measurements. Currently, space-based XCO, estimates are validated against ground-
based remote sensing observations collected by the Total Carbon Column Observing Network
(TCCON), which, in turn, are validated against airborne in situ measurements, to provide a
transfer standard to the WMO atmospheric greenhouse gas standard (Wunch et al., 2017). This
validation approach has yielded valuable information about surface and atmospheric properties
that introduce bias and scatter in the space-based remote sensing measurements. However, while
this network now includes 27 stations in 14 countries, it still provides little coverage of the
tropics and high latitudes, some of the most dramatic features are seen in the space-based remote
sensing data.

While the number of ground-based and airborne in situ and remote sensing reference
stations have grown slowly over the past decade, new measurement capabilities are coming on
line that promise substantial increases in coverage. The up-looking remote sensing measurements
being collected by the TCCON spectrometers are being complemented by measurements from
smaller, less costly, and more portable Bruker EM27/SUN systems. These spectrometers are now
being deployed as networks in urban settings (Hedelius et al., 2018) and in remote locations
(Frey et al., 2019). In situ vertical profiles of CO,, CH4 and other gases are now being collected
at altitudes as high as 25 km by AirCore instruments deployed on low-cost weather balloons
(Karion et al., 2010). Additional in situ profiles and upper tropospheric measurements are now
being made by commercial aircraft in Japan’s Comprehensive Observation Network for Trace
gases by Airliner (CONTRAIL) and Europe’s In-service Aircraft for a Global Observing System
(IAGOS).
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7 Discussion

When integrated over the industrial age, the land sink has roughly balanced the land use
source. The ocean has therefore been the only de facto cumulative net sink of fossil carbon from
the atmosphere (Friedlingstein et al., 2019; 2020). However, since 1958, when continuous
atmospheric CO, measurements have been available, CO, emissions from fossil fuel combustion
have increased by about a factor of four, from less than 2.5 Pg C yr™ to almost 10 Pg C yr™ in
2019. During this period, the land sink has taken up an increasing fraction of anthropogenic
emissions. Together, sinks in ocean and on land have absorbed enough anthropogenic CO, to
limit the fraction that has remained in the atmosphere to a remarkably constant value around
45% (Raupach et al., 2014). This implies that, to first order, the uptake capacity of the ocean and
land sinks has increased in step with the emissions (Friedlingstein et al., 2020). There has been
debate as to whether increases in the atmospheric fraction, i.e. declines in sink efficiency, are
already observable (Canadell et al., 2007; Knorr 2009; Raupach et al., 2014). Even if an
increasing atmospheric fraction is not yet detectable, process-level understanding and regional
trends indicate that the atmospheric fraction should increase as climate change progresses. While
the exact timing and magnitude of changes in the land and ocean sinks remains unclear, the
likelihood is high that substantial climate-carbon feedbacks will occur during this century. Any
upward change in the atmospheric fraction, or reduction in sink capacity, will decrease the
allowable fossil carbon that can still be burned without violating the temperature targets
specified in the Paris agreement.

For the ocean, despite remaining uncertainties and missing closure terms, distinct
methodologies for quantifying the ocean sink agree that the sink has increased over the industrial
era, including in recent decades. Since the uptake of atmospheric CO, on annual to decadal time
scales is primarily controlled by the pCO, gradient at its surface, the carbon sink is expected to
grow steadily as long as near-exponential growth of atmospheric pCO, continues. However, if
anthropogenic emissions are reduced, atmospheric pCO, will grow more slowly, and thus there
will be a reduced ocean carbon sink even if the ocean circulation and chemical buffer capacity do
not change. To understand these likely changes, it is essential that ocean carbon studies start to
focus more attention on the near-term response to emission mitigation scenarios (Hausfather and
Peters, 2020). If emissions are not mitigated, current climate models suggest that by the middle
to late 21st century, a slowing ocean overturning rate and reduced chemical capacity in the ocean
will reduce the rate of growth in the ocean sink.

To develop an integrated ocean carbon observing system that can track the evolution of
the ocean sink on the annual to interannual timescales most relevant to climate change policy, we
need to sustain existing and continue to develop improved observation systems for the surface
and interior ocean. Ocean carbon instruments deployed on autonomous platforms are
revolutionizing ocean carbon measurement spatial and temporal resolution and coverage, but
reduced uncertainties in the carbonate constants are needed to fully exploit these data. High-
quality shipboard observations will continue to be required. We also need improved ocean
hindcast models and better understanding of uncertainties in observation-based data products
derived through statistical extrapolation of sparse surface ocean pCO, data.

For the land carbon cycle, the picture is more complicated and appears to already be
changing. Classical sinks in the tropical humid forests are slowly losing their strength and these
changes are amplified by the losses associated with deforestation, forest degradation and extreme
climate events. In the extra tropics, bottom-up measurements show evidence for a mid-latitude
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greening associated with afforestation and increased agriculture, accompanied by increased
browning in some parts of the Arctic. Overall, these trends provide the fragile background for a
slowly increasing land uptake of CO,. Over the next century, carbon-climate feedback is
expected to play a larger role in the Arctic, although the magnitude and timing of those changes
is subject to considerable debate (Schuur et al., 2015).

Space-based remote sensing observations are helping to revolutionize our ability to
monitor the land and atmospheric carbon cycles to anthropogenic forcing and a changing
climate. From a bottom-up perspective, microwave and lidar measurements are providing higher
spatial and temporal resolution estimates of above ground biomass stocks. SIF measurements are
providing a more responsive estimate of light use efficiency and CO, uptake by plants. From a
top-down perspective, space-based remote sensing estimates of XCO, are complementing
ground-based and aircraft in situ measurements with much greater spatial and temporal
resolution and coverage. These space-based measurements sometimes reinforce, amplify or
contradict the results inferred from ground-based in situ measurements, painting a somewhat
controversial picture of the evolution of the land carbon cycle. For example, in the tropics, both
space-based microwave estimates of above ground biomass (Wigneron et al., 2020) and top-
down atmospheric inverse models constrained by space-based estimates of XCO, (Liu et al.,
2017; 2020; Palmer et al., 2019; Crowell et al., 2019) indicate that the humid tropical forests
never fully recovered from the 2015-2016 EI Nifio, and have transitioned from net sinks to net
sources of CO,. Meanwhile, at mid- and high latitudes, bottom-up and top-down models
constrained by space-based remote sensing measurements largely reinforce the in situ results,
showing a long term increase in the amplitude of the seasonal cycle (Graven et al., 2013; Byrne
et al., 2018; 2020; Liu et al., 2020) and that mid-Ilatitude and boreal forests are strong net sinks of
CO, when averaged over the seasonal cycle. More generally, the space based measurements are
also providing more information about rapid changes in the land carbon cycle associated with
severe weather, such as droughts (Gonsamo et al., 2019; Castro et al., 2020) and floods (Yin et
al., 2020). They are also beginning to provide estimates of CO, emissions from fossil fuel
combustion and other human activities (Hakkarainen et al., 2016; 2019; Wang et al., 2018;
Hedelius et al., 2018; Wu et al., 2018; 2020; Reuter et al., 2019).

In spite of these advances, the reliability of the space-based remote sensing results are
still a subject of substantial debate within the land carbon cycle community. This is especially
true for the tropics, where CO, fluxes derived from the space-based XCO, estimates differ in
both sign and magnitude from the results of earlier flux inversion experiments constrained by
bottom-up stock or flux estimates or ground-based in situ measurements of atmospheric CO..
This apparent inconsistency suggests one of three possibilities. First, the space-based XCO,
estimates might still include biases that compromise the accuracy of the top-down flux estimates.
Recent efforts to validate the space-based XCO, estimates using measurements from TCCON
and other standards (Wunch et al., 2017) indicate biases with amplitudes less than one third as
large as the observed tropical XCO, anomalies. However, there are few TCCON stations or other
validation capabilities in the tropics. Second, fluxes constrained by surface in situ
measurements, alone, may tell an incomplete story of the land carbon cycle in sparsely sampled
regions. The spatial resolution and coverage provided by surface in situ measurements of carbon
stocks, fluxes, or atmospheric CO, are still very limited, especially in the tropics and boreal
regions, where the largest flux differences are seen. Both top-down and bottom-up methods may
yield unreliable results where there are few measurements. Third, flux estimates based on the
much denser space-based XCO, measurements may be tracking changes in the natural carbon
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cycle on time and space scales too short to be resolved by the in situ measurements of stocks or
CO, concentrations. There is increasing evidence from atmospheric CO, measurements and
modeling studies and other carbon cycle observations, that the tropical land carbon cycle is
evolving rapidly in response to human activities (deforestation and degradation, biomass
burning, land use change) and climate change (drought, heat stress, flooding). Satellite
observations of aboveground biomass (Baccini et al., 2017) also support this conclusion.

All three of these possibilities may be valid to some extent. To address these questions
and improve our understanding of the land carbon cycle in the tropics and at high latitudes, we
need additional ground-based and aircraft validation measurements in these areas, advances in
the space-based measurement calibration, retrieval algorithms, and validation techniques to
further reduce regional scale biases and a longer, continuous space-based data record that clearly
resolves the carbon cycle impacts of short-term climate anomalies from long-term secular
climate trends.

8  Conclusions

Our understanding of the carbon cycle and its response to natural and anthropogenic
forcing has grown steadily over the past two decades as more advanced carbon cycle
measurement systems have been deployed and their results have been analyzed with more
sophisticated diagnostic and prognostic carbon cycle models. These results reveal a strongly
coupled, dynamic system that responds on daily, to seasonal, to interannual time scales across
spatial scales spanning individual fields, forest plots or coal-fired power plants on land or
individual eddies in the ocean to entire continents or ocean basins. While surface or ocean
interior in situ measurements still provide the most precise and accurate results, these data are
now being complemented by a broad range of ground and ocean-based, airborne and space based
remote sensing observations that extend their spatial resolution and coverage. The growing
international collaborations between the top-down and bottom-up carbon cycle measurement and
modeling communities, with their continued focus on a rigorous peer review process is
contributing to the transparency of the carbon emission inventory process, an increasingly urgent
requirement of any carbon management system.

While these observations and models have provided new insights into this system, they
have also revealed measurement gaps and modeling limitations that must be addressed to
develop a true global carbon monitoring system that can track changes in both natural and
anthropogenic sources and sinks of CO, on policy relevant time and space scales. For example,
space-based remote sensing observations of atmospheric CO, and land and ocean surface
properties can expand the coverage and resolution of surface-based in situ measurements.
However, passive remote sensing observations are largely precluded in persistently cloudy
regions such as tropical rain forests, or mid- and high-latitude forests during the fall, winter and
spring. These regions are often centers of action in the carbon cycle, but are also among the most
challenging to observe systematically with surface-based in situ measurement systems. Remote
sensing observations provide little insight into the carbon budget of the interior ocean, but here
networks of autonomous in situ sensors are providing new tools for gathering data. Like remote
sensing observations, their data typically has larger uncertainties and biases than conventional
shipboard in situ measurements. Thus, a robust ocean carbon observing system will require
continued shipboard observations for calibration and validation.
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Top-down atmospheric CO; inventories are now complementing bottom-up statistical
inventory methods by providing an integral constraint on total CO, emitted into the atmosphere
and absorbed at the surface on scales ranging from large urban areas to nations. However, the
inventory community has been slow to adopt top-down methods because they are much less
source specific, and thus provide less direct, actionable information to policy makers than the
bottom-up inventories. Optimal methods for combining top-down and bottom up emissions
estimates are essential to both improve the accuracy and ensure the transparency urban to
national scale inventories should be a high priority in any carbon management system. An effort
to integrate top-down and bottom-up methods could also yield significant scientific benefits by
fostering the development of more reliable models for diagnosing the current state of the carbon
cycle, and for more accurately predicting the carbon cycle response to a changing climate.

The world’s space agencies are actively working to coordinate ambitious plans for an
expanded space-based remote sensing capability that supports atmospheric CO, measurements,
high resolution maps of land surface type and biomass and ocean biological productivity. These
efforts are being led by the Committee on Earth Observation Satellites (CEOS) and Coordination
Group on Meteorological Satellites (CGMS) through their Joint Working Group on Climate
(WGClimate) Greenhouse Gas Task team. In parallel, national agencies such as the U.S. NOAA
and Japan’s National Institute for Environmental Studies (NIES) and European organizations,
such ICOS and IAGOS, are working with international organizations including WMO GAW and
the Global Climate Observing System and the Global Ocean Observing System (GCOS, GOOS)
to coordinate the deployment of ground-based, ocean and airborne in situ sensors. These
programs are receiving less attention and much less resources than the space-based measurement
systems, but are equally critical to a global carbon monitoring system. The modeling systems
needed to ingest and analyze the data collected by these expanding measurement systems are
also advancing, but efforts to organize carbon cycle modeling efforts are also receiving less
attention from the carbon cycle science community and their stakeholders. Ambitious efforts to
track changes in the emission and uptake of CO, associated with human activities and the carbon
cycle’s response to climate change, such as the global stocktakes mandated by the UNFCCC
Paris agreement, will require both expanded capabilities and much more coordination among all
of these groups.
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