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In most scenario calculations to date, emissions from fossil-fuel burning are prescribed,
and a carbon cycle model computes the time evolution of atmospheric CO, as the resid-
ual between emissions and uptake by land and ocean, typically without considering
feedbacks of climate on the carbon cycle (see, e.g., Schimel et al. 1996). The global car-
bon cycle is, however, intimately embedded in the physical climate system and tightly
interconnected with human activities. As a consequence, climate, the carbon cycle, and
humans are linked in a network of feedbacks, of which only those between the physi-
cal climate system and the carbon cycle have been explored so far (Friedlingstein, Chap-
ter 10, this volume). One example of a carbon-climate feedback begins with the mod-
ification of climate through increasing atmospheric CO, concentration. This
modification affects ocean circulation and consequently ocean CO, uptake (e.g.,
Sarmiento et al. 1998; Joos et al. 1999; Matear and Hirst 1999). Similar feedbacks occur
on land. For example, rising temperatures lead to higher soil respiration rates, which lead
to greater releases of carbon to the atmosphere (e.g., Cox et al. 2000; Friedlingstein et
al. 2003). Human actions can also lead to feedbacks on climate. If climate change inten-
sifies pressure to convert forests into pastures and cropland, then the climate change may
be amplified by the human response (Raupach et al., Chapter 6, this volume). These
positive feedbacks increase the fraction of the emitted CO, that stays in the atmosphere,
increasing the growth rate of atmospheric CO, and accelerating climate change. Neg-
ative feedbacks are also possible. For example, a northward extension of forest or
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46 | 1. CROSSCUTTING ISSUES

increased rates of plant growth in a warmer climate could increase rates of carbon stor-
age, constraining further climate change.

A detailed quantitative assessment of a broad range of positive and negative feedbacks
will require the use of fully coupled carbon-climate-human models. Such models do not
exist yet. For some kinds of interactions (e.g., changes in institutional incentives and
constraints on land use), predictive frameworks may be far in the future. Nevertheless,
some experience has been gained already using coupled climate-carbon cycle models.

Two such coupled models that simulate the anthropogenic perturbation during the
21st century based on emission scenarios of the Intergovernmental Panel on Climate
Change (IPCC) (Cox et al. 2000; Dufresne et al. 2002) show dramatically different
magnitudes of climate-carbon cycle interactions (Figure 3.1). Both models simulate an
accelerated increase of atmospheric CO, as a result of impacts of climate change on the
carbon cycle. The magnitude of this feedback varies, however, by a factor of 4 between
the two simulations. Without the carbon-climate interaction, both models reach an
atmospheric concentration of 700 parts per million (ppm) by 2100. When the carbon-
climate feedback is operating, the Hadley Centre model (Cox et al. 2000) reaches 980
ppm, leading to an average near-surface warming of +5K, while the IPSL model
(Dufresne et al. 2002) attains only 780 ppm and a warming of +3K. This different
behavior can be traced to the higher sensitivity of the land carbon cycle to warming in
the Hadley Centre model, and to the larger ocean uptake in the IPSL model (Friedling-
stein et al. 2003).

Although these pioneering model simulations represent a large step forward in sci-
entists’ ability to elucidate the interactions of the physical climate system with the
global carbon cycle, they are also subject to important limitations. In both models, key
processes are highly parameterized and poorly constrained. For example, emissions
from land use changes are prescribed as an external input, and the associated changes
in land cover are not explicitly modeled. In addition, a substantial number of processes
and carbon pools are not included in such models. Several of these pools and processes
could be vulnerable—that is, they are at risk of losing large amounts of carbon to the
atmosphere as a result of a changing climate and/or human drivers (e.g., markets, poli-
cies, and demographic dynamics). Incorporating of all these pools and processes into
coupled models is a difficult task, particularly because some processes operate through
low-probability, high-consequence stochastic events. As a result, coupled climate-carbon
models currently have limited capability for assessing the full magnitude and all risks
associated with carbon-climate-human feedbacks, and their capability will continue to
be limited for the foreseeable future.

An alternative and in many respects complementary approach is that of risk assess-
ment, a method often used to identify and assess the risks associated with the operation
of complex systems, such as nuclear power plants or chemical factories (Kammen and
Hassenzahl 2001). In a risk analysis, the magnitude and likelihood of certain processes
that may lead to catastrophic failures are determined and assessed in order to arrive at
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C-POOLS AT RISK IN THE 21st CENTURY
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Figure 3.2. Vulnerability of the carbon pools in the 21st century. Shown are the
estimated magnitudes and likelihood for these various pools to release carbon into

the atmosphere. The exact size of the circles is not known and the boundaries therefore
have to be viewed as being approximate only. See Table 3.1 for more details.
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the outcomes and likelihood of a number of scenarios. Such approaches are most often
used when dealing with systems whose dynamics cannot be captured with differential
equations, and hence not encapsulated into numerical or analytical models.

In this chapter, we adopt an approach that is similar to a risk analysis and attempt
to identify the magnitude and likelihood of key feedbacks in the carbon-climate-
human system. We focus on the major carbon pools and quantify the maximum frac-
tion of these pools that are potentially at risk over the next two decades and over the next
century. We contrast these results with the maximum sink strengths of these pools over
the same periods. Although we take advantage of model results, we mostly rely on data-
based analyses. This approach to quantifying vulnerability is inherently subjective and
uncertain. It offers, however, the possibility of going beyond the practical and sometimes
fundamental restrictions associated with models and of including all pools and
processes that are known to have the potential to influence atmospheric CO,. We
would like to emphasize that we restrict our analysis here to those changes that affect
atmospheric CO,. Other effects of human actions and climate change (e.g., loss of bio-
diversity and of economic activities currently and potentially related to it) may have
impacts that are as large as or even larger than those on the carbon cycle, but they are
beyond the scope of this discussion.

Figure 3.2 shows a summary of the vulnerable carbon pools, their magnitude, and
the likelihood of the release of the carbon stored in these pools into the atmosphere over
the 21st century. This figure is based on the detailed information in Table 3.1. Several
key carbon pools may be vulnerable over the timescale of this century. The total
amount of carbon stored in these pools is very large, two to five times as large as the total
carbon in the current atmosphere. If a substantial fraction of the carbon in these pools
were released to the atmosphere, the consequence would be a major increase in atmos-
pheric CO, and hence a severe reduction of the anthropogenic CO, emissions permit-
ted, if the atmosphere is to not exceed a certain target CO2 concentration. As discussed
in detail later in this chapter, we expect the magnitude of potential releases to increase
with increasing stabilization targets, as the higher targets tend to be associated with a
larger climate change. The potential release of carbon from these pools has to be viewed
in the context of the sinks for atmospheric CO,, which will probably continue to oper-
ate through the 21st century, although likely with gradually falling efficiency (Schimel
etal. 2001). Because the potentially vulnerable pools are large, and because they can be
rapidly mobilized for release, we believe that the majority of the feedbacks within the
carbon-climate-human system are positive—that is, that they lead to an acceleration of
the greenhouse gas—induced climate change.

This conclusion does not take into account the possibility of surprises. A small
number of very large carbon pools may become vulnerable during the 21st century,
especially the carbon stored in the very deep permafrost soils in Siberia and Alaska and
the carbon stored in methane hydrates (Figure 3.2). Although we view the release of
large quantities of carbon from these two pools as very unlikely, scientists’ present
understanding of the dynamics and controls of these two pools is insufficient.
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52 | 1. CROSSCUTTING ISSUES

While the past 10 years have seen a large increase in the understanding of the present-
day global carbon cycle and its anthropogenic CO, perturbation (Sabine et al., Chapter
2, this volume), scientists’ understanding of how the carbon cycle will evolve into the 21st
century and how it will interact with human actions and the physical climate system is
overall still poor. This chapter is intended as one step on a long road to accurately incor-
porating the full suite of carbon-climate-human feedbacks in numerical models.

In assessing the future dynamics of the global carbon cycle, the natural starting point
is the current status of the carbon cycle. This aspect is extensively reviewed by Sabine
et al. (Chapter 2). We, therefore, concentrate only on those aspects that may cause a
change in the carbon cycle over the next 100 years. In the next sections, we first briefly
review the expected future trends in the climate system under typical IPCC scenarios.
From these changes, we attempt to determine the strengths and vulnerability of the land
and ocean carbon sinks in the 21st century.

Setting the Stage: The Earth System in the 21st Century

The vulnerability of many carbon cycle processes and pools depends on the magnitude
of future climate change. The magnitude of future climate change, in turn, depends on
the vulnerability of the carbon cycle. Therefore there is no unique answer, but it is nev-
ertheless instructive for our ensuing analysis to put some bounds on the expected cli-
mate change.

Cubasch et al. (2001) provide a comprehensive review of the projected climate
change for the 21st century on the basis of coupled atmosphere-ocean-land climate
models and for a large range of radiative forcing projections. For the 1S92a emission
scenario, they project a mean warming of 1.3°C for the mid-21st century (2021-2050)
relative to the 1961-1990 average, with a range from +0.8°C to +1.7°C. This estimate
includes the effect of sulphate acrosols, whereas the effect from greenhouse gases alone
would be about 0.3°C higher. For the Special Report on Emissions Scenarios (SRES)
A2 and B2 emission scenarios,! the mean and range are very similar for the same time
period. For the end of the 21st century (2071-2100), the mean global surface tem-
perature is projected to increase by 3.0°C, with a range from 1.3°C to 4.5°C, while for
the B2 scenario the mean temperature change is +2.2°C and the range is +0.9°C to
+3.4°C. These individual scenarios can be compared with the full set of scenarios, for
which Cubasch et al. (2001) give a range of +1.4°C to +5.8°C. Unfortunately, no
comprehensive coupled climate models have simulated climate change using WRE
(Wigley, Richels, Edmonds 1996) stabilization trajectories. Instead, to estimate the
temperature changes associated with the WRE scenarios, Cubasch et al. (2001) used a
simple climate model (Raper and Cubasch 1996) that has been tuned to the results of
a number of comprehensive climate models. They find for the WRE 450 scenario
(assuming stabilization at an atmospheric CO, concentration of 450 ppm), a tem-
perature change between +1.2°C and +2.3°C for the latter part of this century,
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increasing to +1.6°C to +2.9°C for WRE550, and +1.8°C to +3.2°C for WREG650. The
general pattern of warming is relatively uniform across a large range of models and gen-
erally consists of maximum warming in the high latitudes of the Northern Hemisphere
and a minimum in the Southern Ocean. There is also a general tendency for the land
to warm more than the ocean.

In some cases, even more important for the global carbon cycle is the projected
change in the hydrological cycle. While uncertainties and intermodel differences are sub-
stantially larger for the hydrological cycle than for the projected temperature changes, the
following trends appear to be quite robust: a general increase in the intensity of the hydro-
logical cycle—that is, an increase in mean water vapor, evaporation, and precipitation;
and a tendency for an increase in precipitation in the tropics and in the high latitudes
and a reduction in precipitation in the subtropical latitudes (Cubasch et al. 2001).

As the coupling between the carbon cycle and human systems is tight, particularly
with regard to the terrestrial carbon cycle, common features and regional differences in
the development of population, the economy, and social systems in the 21st century are
crucial in determining whether certain pools become at risk (Romero Lankao, Chap-
ter 19, this volume). The SRES story lines of Nakicenovic et al. (2000) provide a basis
for evaluating these interactions. In the Al and Bl scenarios, global population is
expected to increase to 9 billion people in 2050 and to decrease thereafter to about 7
billion people in 2100. In the A2 and B2 scenarios, global population is expected to
grow continuously in the 21st century. Raupach et al. (Chapter 6, this volume) assess
some impacts of these scenarios on land use change. We expect that the A2 scenario will
lead to highest pressures on local resources, because of the underlying assumption of
regionally different impacts on land, and “low incomes in developing countries lessen-
ing their ability to meet food demand by improved management or technology” (Rau-
pach et al., Chapter 6).

In summary, the expected stresses on the global carbon cycle might range from rel-
atively small to very substantial, depending on greenhouse gas emission pathways, the
magnitude of climate sensitivity, and the development of human systems with regard
to their pressure on terrestrial carbon resources. Given this non-negligible risk, it is of
great importance to assess the magnitude of the carbon system feedbacks in greater
detail. We do not adopt any specific emission scenario or climate sensitivity but tend
to use the upper-bound scenarios, consistent with quantifying the maximum expected
vulnerability (note that these are nonintervention scenarios, i.e., scenarios that do not
contain purposeful human action to curb emissions or increase sinks).

Land Sinks and Their Vulnerability

How will future anthropogenic emission pathways affect the terrestrial carbon cycle? As
summarized in Sabine et al. (Chapter 2, this volume), the land biosphere has acted as
a substantial net sink for carbon over the past 20 years, removing on average about 0.6
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petagrams of carbon (PgC) per year (y!) from the atmosphere. This net sink is the resid-
ual of a land use change flux of the order of 1.2 PgC y! (DeFries et al. 2002) and an
inferred uptake of the order of 1.8 PgC y! (Table 2.1 and Colorplate 1 in Sabine et al.,
Chapter 2). Assessing the responses of the terrestrial carbon cycle to the projected cli-
mate and human factors in the 21st century will require separating the processes that
lead to sources from those that lead to sinks. This attribution task is complicated,
because the carbon balance on land is, in general, a small difference between large fluxes
in and out. As a consequence, modest proportional changes in fluxes in or out of a pool
can have a large impact on the magnitude of the residual sink.

Terrestrial Living Biomass

Living biomass on land contains about 650 PgC, which is slightly less than the amount
of carbon in the atmosphere. With an average residence time of about 10 years, the
turnover of this pool is relatively fast, making a substantial fraction of this pool poten-
tially vulnerable on timescales of decades to centuries. It is also likely that most of the
carbon gained by the terrestrial biosphere over the past few decades has entered this pool
and has not progressed in any substantial manner into the longer-lived soil pools
(Schlesinger and Lichter 2001). The biomass pool can expand only slowly as a result of
increased plant growth or decreased disturbance, but this pool can be degraded quickly,
especially with natural and human-induced disturbances.

LAND SINKS IN THE 21ST CENTURY

As discussed in Sabine et al. (Chapter 2), scientists’ perspective on the current terrestrial
carbon balance has changed dramatically over the past decade. A decade ago, it was
assumed that the entire land sink is a result of CO, fertilization, and perhaps warming
(Houghton et al. 1990). This view has been supplanted by an appreciation of the fact
that the current and future land sinks are most likely the result of many factors, includ-
ing land use history and land cover management, and that CO, fertilization is likely
smaller than previously assumed (e.g., Pacala et al. 2001).

These changes in knowledge are only beginning to be incorporated into terrestrial
carbon cycle models (McGuire et al. 2001). In both the Hadley and IPSL models dis-
cussed earlier (Cox et al. 2000; Dufresne et al. 2002), CO, fertilization is assumed to
be the main driver of the present and future terrestrial carbon sink. In the absence of
climate change, the projection from these two models is that CO, fertilization would
be responsible for a cumulative land uptake of 600 PgC for a doubling of atmospheric
CO, (Friedlingstein et al. 2003). In the Hadley model, a substantial fraction of the car-
bon that is being released back into the atmosphere as a result of surface warming comes
from soil pools that have grown significantly during the 20th and 21st centuries as a
result of CO, fertilization. Projections of large sinks from CO, fertilization are difficult
to reconcile with the present understanding of the current land carbon cycle, where a
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number of constraints (Field et al. 1992) are likely to limit potential land sinks from
CO, fertilization to the order of 100 PgC over the next 100 years.

The contribution of land use history to the future land sink is rather uncertain. In
general, forest sinks due to regrowth of previously harvested forests tend to saturate as
a forest matures or are rapidly converted to large sources in forests disturbed by fire,
storms, or disease. Key controllers of the future trajectory of sinks in Northern hemi-
sphere forests include the forest age structure, changes in the disturbance regime, and
changes in management (Nabuurs, Chapter 16, this volume). The land sink in the 21st
century as a result of historical land use change is, at maximum, on the order of 170 PgC
(House et al. 2002). This amount assumes that all carbon lost as a result of the past land
use change could be stored back on land. A realistic estimate should be less than half
this number, since humans still use most of the land deforested in the past and since the
land not used for food production is often of poor quality.

From the perspective of the carbon budget of the 21st century, a slowing of defor-
estation has the same effect as a decrease in fossil emissions or an increase in a land or
ocean sink. In addition, reforestation and afforestation may be increasingly important
aspects of future carbon management. The extent to which new forest sinks can be real-
ized must be consistent with other societal constraints on available land (Raupach et al.,
Chapter 6, this volume). The need for expanded areas for agriculture and for replace-
ment of degraded agricultural lands, plus constraints of climate and water availability,
are likely to be profoundly important. Given these constraints, reforestation and
afforestation are likely to continue to generate carbon sinks throughout the 21st cen-
tury, but their magnitudes are unlikely to be much more than a few Pg for the next 20
years and a few tens of Pg for the entire 21st century.

Woody encroachment, including the establishment of trees and shrubs on grassland,
as well as the thickening of open forests, has been an important aspect of land dynam-
ics on several continents over the last century (Sabine et al., Chapter 2). The driving fac-
tors for woody encroachment are too poorly known to support a quantitative estimate
of future changes, particularly since its net contribution to atmospheric CO ,can be pos-
itive or negative. We expect this process, however, to be a relatively small contributor,
and one whose future carbon trajectory will be primarily determined by human actions.

Fires are a major factor in the terrestrial carbon cycle, annually returning more than
3 PgC to the atmosphere (see Colorplate 1 of Sabine et al., Chapter 2). Because fire has
always been a part of the land biosphere and recovery from fires is slow, its role as a car-
bon source or sink depends on fire frequency and intensity trends over decades to cen-
turies rather than on present burning. Over the past few decades, some regions have
probably experienced carbon sinks as a consequence of the success of fire suppression
(Sabine et al., Chapter 2). It is unclear whether this trend will continue, as fuels accu-
mulate. We believe that the carbon sink that arises from fire suppression is going to be
very small in this coming century but that an increase in fire frequency and intensity is
a significant concern (see below).
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In summary, the sink potential in living terrestrial biomass over the next 20 years is
modest, on the order of a few tens of Pg. Terrestrial sinks may grow somewhat from cur-
rent levels, but societal and natural limits from land use, fire, and nutrient availability will
operate as constraints. Over the next 100 years, some mechanisms and societal drivers
contributing to land sinks will continue to operate, but not all (see Raupach et al.,
Chapter 6, this volume) giving rise to a maximum potential sink of the order of 150 PgC.

POTENTIAL VULNERABILITY OF THE LAND PooLS

The carbon pools on land also have the potential to release substantial amounts of car-
bon into the atmosphere. Many of the mechanisms that are responsible for generating
current sinks are closely related to mechanisms that can lead to future sources of car-
bon to the atmosphere.

Probably the largest future vulnerability of land pools arises from land use change and
deforestation, particularly if the world develops along lines similar to those described
in the A2 story line—that is, a world in which countries develop in a very heterogeneous
pattern. The exact magnitude of the pools at risk is difficult to assess, but we expect that
the carbon stored in the living biomass in tropical and subtropical ecosystems is the most
vulnerable. Based on past trends, we estimate that on the order of 40 PgC carbon stored
in the living biomass might be at risk over the next 20 years, and up to 100 PgC over
the course of the 21st century. More subtle changes to land ecosystems, such as human-
induced degradation and increases in mortality due to pests might increase this estimate,
but probably not by a significant amount.

Deforestation has a number of other implications for climate and the carbon cycle.
One set of effects concerns albedo. Boreal deforestation leads to large increases in
albedo, with a cooling effect that may be larger than the warming related to the CO,
release (Bonan et al. 1992; Betts et al. 1997). In the tropics, the albedo effect is much
smaller, and effects of rooting depth on transpirable soil moisture may feed back to
increase local temperature and decrease precipitation (Shukla et al. 1990). Finally,
deforestation also removes the potential that growth of an established forest can serve
as a carbon sink.

A second important mechanism that could lead to substantial losses of carbon from
the terrestrial biosphere is the redistribution of species and biomes as a result of climate
change. It is estimated that the entire terrestrial biosphere gained about 500 PgC
between the last glacial maximum (about 20,000 years ago) and the ensuing Holocene
(Sigman and Boyle 2000). Whereas the postglacial warming of about 5K occurred
over 10,000 years, however, global warming over the next century might result in a sim-
ilar temperature change, but over a timescale of 100 years. This climate perturbation is
likely to occur at a rate exceeding the capacity of plant species to adapt, resulting in a
total rearrangement of species and communities. This change will result in transient car-
bon losses that can eventually be recovered, but only over a much longer timescale

(Smith and Shugart 1993).
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In the Northern Hemisphere, a warming may lead to a forest dieback at the south-
ern boundaries of presently forested regions, although increase in spring or fall tem-
perature may extend the growing season length of temperate and boreal ecosystems.
Invasive species could spread in these regions. Direct human action on species compo-
sition, however, including establishment of plantations of non-native “exotic” species,
is also likely to continue. The net effect on carbon reservoirs is difficult to estimate but
is more likely to be a source than a sink, and the total forest area is more likely to shrink
than to expand. In the tropics, warming and increased aridity may lead to a size reduc-
tion of the tropical forests (Cox et al. 2000). Given that tropical forests contain the
largest carbon pool of terrestrial biota and also the largest net primary production (see
Table 2.2 in Sabine et al., Chapter 2), this reduction will likely lead to a release of car-
bon to the atmosphere.

In summary, we estimate that on the order of 40 PgC carbon stored in the living
biomass might be at risk over the next 20 years, and up to 100 PgC over the course of
the 21st century. This risk arises mostly from deforestation and other anthropogenic
land use changes, An additional 10 PgC (20 years) and 100 PgC (100 years) is proba-
bly at risk as a result of climate change—that is, the inability of communities to adapt
to a changed climate.

Soil Carbon

Soil carbon is by far the largest carbon pool in terrestrial ecosystems. As summarized in
Colorplate 1 of Sabine et al. (Chapter 2), about 2300 PgC is stored in the upper 3
meters (m) of tropical, temperate, and boreal soils. Carbon stocks in wetland and per-
manently frozen soils are much less certain and are usually not included in carbon cycle
models. These stocks are in the range of 200—800 PgC in wetland soils and 200—-800
PgC in (nonwetland) permafrost soils. There is therefore more than five times more car-
bon stored in soils than in the living biomass on land. This large organic carbon reser-
voir is the result of a delicate balance between biomass accumulation by photosynthe-
sis and oxidation by respiration. Most of this soil carbon is in long-lived pools and
therefore relatively inert. Over the course of this century, however, a substantial fraction
of this pool might be mobilized. Given the very different dynamics of the various soil
pools, we review separately the wetland, the frozen, and the “other” soil pools.

TroricaL, TEMPERATE, AND BOREAL So1Ls: POTENTIAL SINKS AND VULNERABILITY

Carbon sequestration in soil can be achieved through changes in agricultural practices
(i.e., no tillage) or with land use changes, such as reforestation of degraded lands. The
global potential for carbon sequestration in soils is estimated to be about 0.9 + 0.3 PgC
y'!, with different patterns and rates in European cropland (Smith et al. 2000), U.S.
cropland (Lal et al. 1998), and degraded lands (Lal 2003). These estimates of carbon

sequestration potential do not account for limitations due to land use, erosion, climate
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change or economic, social, and political factors (Raupach et al., Chapter 6, this vol-
ume). Increased net primary production (NPP) resulting from fertilization of plant
growth by elevated CO, and nitrogen deposition will tend to increase soil carbon. If
these increases are not offset by increased decomposition in a warmer climate, the equi-
librium increases in soil carbon should reach the same proportional size as the NPP
stimulation. Assuming a fertilization effect of the order of 20 percent of NPP and equi-
librium conditions for organic matter decomposition, the maximum possible increase
in soil C from CO, and N effects is on the order of 300 PgC over the 21st century. This
is considerably smaller than the more than 600 PgC accumulation simulated in the
Hadley model.

Losses of soil carbon can be caused by decreased inputs from NPP, accelerated
decomposition, and increased losses from erosion and combustion. Each of these mech-
anisms has human and natural drivers (e.g., deforestation, increasing energy consump-
tion, diversion of water bodies). Boreal soils contain huge stocks of carbon. These stocks
could increase if tree growth increases in a warmer climate (Dufresne et al. 2002), but
they could also decrease, especially if increases in decomposition are larger than increases
in NPP or if an increase in fire frequency and magnitude reduces the input of carbon to
the soil. Increasing temperature and more frequent droughts (due to increase of climate
variability) can enhance desertification in subtropical and tropical regions, stimulating
losses of soil carbon. Soil erosion due to changes in the hydrological cycle is also a major
disturbance to soil carbon in the semi-arid regions. Climate regulates carbon release by
soils through effects of temperature and soil moisture changes. The way in which these
two factors interact, however, is highly nonlinear and often opposite (i.., a temperature
increase will increase soil carbon losses while a soil moisture decrease will reduce decom-
position but increase soil temperature). In areas where increased temperature and asso-
ciated drought are expected, the predictions of increased losses of soil carbon losses are
debatable. The two coupled climate-carbon simulations from Hadley and IPSL simulate
a total loss of soil carbon as high as 600 PgC by the end of the 21st century. As stated
carlier, however, these estimates should be seen as unlikely upper estimates as the carbon
release is fueled by a large accumulation of soil carbon, resulting from CO, fertilization.
We estimate from FLUXNET data (Sanderman et al. 2003) that about 8 kilograms (Kg)
C per square meter (m) in 100 years could be potentially released by soils as a result of
changes in climate, assuming a temperature change of 4°C. This amount reflects a
potential loss of about 280 PgC in the next century.

Land use change, however, is the major driver of carbon losses in the soil. Since 1850
between 45 and 90 PgC (Houghton et al. 1999; Lal 1999), have been lost through cul-
tivation and disturbances. One of the main characteristics of land use effects is that car-
bon fluxes are pulsed in response to disturbance frequency and intensity. The effects of
such pulses can persist for several years after disturbances and are usually one of the
major uncertainties in current models.
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Land use change pulses of carbon are also directly influenced by climate-human
interactions (i.e., desertification, which is the result of human pressure and aggravated
temperature and water impacts). Thus the interaction of direct human effects with cli-
mate impacts can amplify the carbon losses, particularly in developing regions. An
analysis of recent studies on the impact of land use conversion on soil carbon stocks sug-
gests that up to 50 percent of the total pool of soil carbon can be lost in 50—100 years
after conversion (Schulze et al. 2003). Of course not all the land use changes occur in
organic rich soils. We therefore estimate that about 25 percent of the total soil carbon
pool is vulnerable over the course of this century, equivalent to about 400 PgC.

WETLANDS AND PEATLANDS: POTENTIAL SINKS AND VULNERABILITY

Wetland carbon fluxes are controlled by climate and land use change. Climate drivers
include temperature effects on carbon and other greenhouse gas (mainly CH,) fluxes.
In addition, changes in hydrology can have pronounced effects on both carbon and
other greenhouse gas fluxes. Temperature increases stimulate both CO, and methane
emissions, while changes in the water table have contrasting effects on those two fluxes.
Drainage stimulates oxidation of organic material and release of CO,; in contrast,
increasing water levels reduces CO, emission but stimulates anaerobic decomposition
and methane fluxes to the atmosphere.

To estimate the vulnerability of wetland pools of carbon to climate effects requires
a detailed analysis of the interaction between CO, and other trace gases. The global
warming potential (GWP) of methane is about 20 times larger than that of CO,.
Therefore, a change in the ratio of methane to CO, respiration will have a climate
impact. Christensen et al. (1996) showed that large northern wetlands, for example, are
leading to a net increase in radiative forcing because of their large methane emissions
even though they are a net carbon sink. On a global scale, this net source of radiative
forcing is equivalent to about 0.5 PgC y™!. Assessing the future evolution of the wetland
and peatland emissions of CO, and CH, is very difficult, as this depends critically on
temperature and water levels. If we accept the climate projections that regions that are
already receiving substantial rainfall will receive even more in a future warmer climate,
then we would expect an increase in the water level, stimulating the production of
methane. In addition, higher temperatures would lead to an increase in respiration rates.
Both factors conspire to give a relatively high sensitivity of the carbon pools in wetlands
and peatlands. A rough estimate is that a CO, equivalent of about 100 PgC will
become vulnerable in the next 100 years.

An interesting aspect of the interaction between CO, and CH, emissions in both
natural and human-managed wetlands and peatlands is that drainage control provides
the possibility of generating a sink potential, as a lowered water table reduces CH, emis-
sions at the expense of an increase in the CO, emissions. Other environmental concerns
(loss of biodiversity, habitats, etc.) should also be considered, however.
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PERMAFROST: POTENTIAL VULNERABILITY

Permanently frozen soils contain a very large pool of carbon, the result of a gradual
accumulation over thousands of years. As long as these soils are frozen, the carbon they
contain is essentially locked away from the active part of the carbon cycle. When they
thaw, however, the carbon becomes vulnerable to rapid loss. Using results from several
climate models, all scaled to a global mean warming of 2°C, Anisimov et al. (1999) esti-
mate that the area of permafrost could shrink by about 25 percent. They also estimate
an increased summer thaw depth in the areas that maintain permafrost. Current knowl-
edge is too incomplete to convert this loss of area into a loss of carbon, but the pool of
carbon vulnerable to this relatively modest warming could total more than 100 PgC. If
a substantial fraction of the C loss occurs as methane emissions, as is typical of wetlands,
the impact on radiative forcing will be amplified. Assuming that total permafrost car-
bon is 400 Pg and 20 percent is lost in the next century, the potential release is 80 PgC.

The Ocean Sink and Its Vulnerability

The ocean represents the largest reservoir of carbon in the global carbon cycle (see Col-
orplate 1 of Sabine et al., Chapter 2) and has taken up approximately 30 percent of the
total anthropogenic emissions since the beginning of the industrial period, constitut-
ing the second-largest sink of anthropogenic carbon after the atmosphere itself (Le
Quéré and Metzl, Chapter 12; Sabine et al., Chapter 2). Therefore, relatively small
changes in the oceanic reservoir and its current sink activity may have a large impact on
the future trajectory of atmospheric CO,.

The Ocean Sink Potential in the 21st Century

On millennial timescales, more than 95 percent of the anthropogenic CO, will be taken
up by the ocean (Archer et al. 1997). On timescales of decades to centuries, however,
this large sink potential can be realized only to a limited degree, with the rate-limiting
step being the transport of the anthropogenic carbon from the surface into the interior
of the ocean (Sarmiento et al. 1992). Because the primary driving force for the oceanic
uptake of anthropogenic CO, is the atmospheric CO, concentration, the magnitude of
the oceanic sink in the 21st century depends on the magnitude of the atmospheric per-
turbation. In the absence of major feedbacks, paradoxically, the higher the anthro-
pogenic CO, burden in the atmosphere, the higher the oceanic sink is going to be.
Throughout the anthropocene, the oceanic uptake of anthropogenic CO, has scaled
nearly linearly with the anthropogenic perturbation of atmospheric CO, (Gloor et al.
2003) (0.027 + 0.008 PgC y! ppm™). This is because the atmospheric CO, so far has
grown quasi exponentially, and the rate-limiting process is linear. This scaling cannot
be extrapolated far into the future, as the atmospheric growth rate may change sub-
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stantially. More important, this scaling is expected to decrease over time as the contin-
ued uptake of CO, by the ocean decreases the oceanic uptake capacity for a given
change in atmospheric CO, (Greenblatt and Sarmiento, Chapter 13, this volume).
Using this linear scaling and projected atmospheric CO,, we estimate the maximum
oceanic sink potential for the next 20 years in the absence of climate change to be on
the order of 60—80 PgC. This estimate compares well with estimates from ocean mod-
els that were forced using the 1S92a scenario (Watson and Orr 2003). The maximum
oceanic sink for the next 100 years is more difficult to estimate as it depends strongly
on the atmospheric CO, level attained. If we adopt 1,000 ppm as the upper envelope,
the cumulative ocean uptake over the next century, in the absence of climate change,
might approach 600-700 PgC. In the case of the stabilization scenarios, the oceanic
sink is going to be substantially smaller, as the slower growth rate and the smaller
atmospheric CO, burden both lead to a reduction in the uptake.

Oceanic Carbon Pools and Processes at Risk

How sensitive is this oceanic sink to natural and human-induced changes over the next
20 to 100 years? Greenblatt and Sarmiento (Chapter 13, this volume) review and dis-
cuss several detailed studies on the basis of coupled atmosphere-ocean models. Plattner
et al. (2001) provide a very detailed analysis of the nature and magnitude of the vari-
ous feedbacks using a model of intermediate complexity. The goal here is to put these
results in perspective by analyzing and assessing the pools and processes that might
become at risk in the 21st century from a systems perspective. It is thereby instructive
to differentiate between the factors that affect the physical/chemical uptake of anthro-
pogenic CO, and those that change the natural carbon cycle in the ocean. The former
feedbacks are associated with the anthropogenic CO, perturbation in the atmosphere,
whereas the latter feedbacks are independent of the anthropogenic CO, changes in the
atmosphere and arise because of changes in climate and other factors. Table 3.2 gives a
summary of the six feedbacks that can either accelerate or decelerate the flux of carbon
from the atmosphere into the ocean.

CHEMISTRY FEEDBACK

The feedback that is understood and quantified best is the reduction of the oceanic
uptake capacity as a consequence of the uptake of CO, from the atmosphere (see Fig-
ure 13.3 in Greenblatt and Sarmiento, Chapter 13, this volume). In addition to low-
ering the uptake capacity for anthropogenic CO,, this reaction also lowers the pH of
the ocean, which could have potentially important consequences for ocean biology and
coral reefs (discussed later in this chapter). Sarmiento et al. (1995) demonstrated that
the magnitude of the chemistry feedback for the next 20 years remains small but could
lead to reduction of more than 30 percent in the cumulative uptake over the next 100
years, with the exact magnitude depending on the size of the anthropogenic perturba-
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Table 3.2. Summary of marine carbon cycle feedbacks

Estimate for

20 years 100 years Uncertainty/

Process Feedback  (PgC)  (PgC)  understanding
Anthropogenic CO, uptake
feedbacks
Chemical feedback Positive <5 300  Low/high
Circulation feedback Positive 6-8 400 Medium/medium
(anthropogenic CO,)
Natural carbon cycle feedbacks
Temperature/salinity feedback Positive 15 150 Low/medium to high
Ocean biota feedback Positive/  10-15 150 High/low
negative
Circulation feedback (natural) Negative —20 —400 Medium/medium
Methane feedback Positive 0 ? Extremely high/low

tion (see also Yi et al. 2001). This positive feedback is fully implemented in ocean car-
bon cycle models and therefore seldom explicitly discussed.

OcEeaN CIRCULATION FEEDBACK ON ANTHROPOGENIC CO2

Still relatively well understood but more difficult to quantify is the potential impact of
ocean circulation changes on the uptake of anthropogenic CO,. Current climate mod-
els tend to show that the warming of the surface ocean, together with a decrease in high
latitude salinity as a result of increased precipitation, will lead to a reduction in the sur-
face ocean density relative to that of the underlying waters, thereby increasing vertical
stratification. Such an increase in stratification will lead to a reduction of the exchange
of surface waters with deeper layers, reducing the downward transport of anthro-
pogenic CO, and hence reduce the oceanic uptake of anthropogenic CO, from the
atmosphere (Sarmiento et al. 1998). Less well established is the impact of climate
change on deepwater formation rates and the meridional overturning circulation
(Greenblatt and Sarmiento, Chapter 13, this volume).

To estimate the magnitude of the ocean circulation feedback on the oceanic uptake
of anthropogenic CO,, we assume that over the next 20 years the surface to mid-
thermocline density gradient changes by about 10 percent (equivalent to a temperature
change of 1.5°C). If we further assume that the reduction of the anthropogenic CO,
uptake scales inversely with the increase of the vertical density gradient, we estimate that
these changes in upper ocean stratification lead to a reduction in the cumulative uptake
over the next 20 years on the order of 10 percent, or about 6—8 PgC. Over the next 100
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years, the ocean circulation feedback could probably be up to three to four times as large,
reducing the oceanic uptake of anthropogenic CO, by up to 40 percent, with the
absolute magnitude depending on the size of oceanic sink. Our estimate here is quite a
bit larger than the model-based estimates of 3 percent to 21 percent (Sarmiento and Le
Quéré 1996; Sarmiento et al. 1998, Joos et al. 1999; Matear and Hirst 1999; Plattner
etal. 2001; see summary by Greenblatt and Sarmiento, Chapter 13) mainly because we
assumed a larger change in stratification than was simulated by these models.

The temperature, salinity, and circulation changes already discussed not only influ-
ence the uptake of anthropogenic CO,, but also affect the natural carbon cycle within
the ocean, as well as the vast quantities of methane hydrates that are stored along the
continental shelves. We look at these changes in turn, focusing first on the individual
effects and thereafter at their interactions.

TEMPERATURE AND SALINITY FEEDBACKS

The amount of dissolved inorganic carbon (DIC) in seawater for a given atmospheric
partial pressure and ocean total alkalinity is highly temperature dependent, with a
reduction of about 8 millimoles (mmol) per cubic meter (m™) in DIC for each degree
of warming. Therefore, assuming a maximum surface ocean warming of 2°C and a
0.5°C warming over the upper 300 m in the next 20 years would lead to an equilibrium
loss of about 15 PgC. Similarly, we estimate that a maximum surface warming of 5°C
and a 2°C warming over the upper 1,000 m over the next 100 years would lead to an
equilibrium loss of carbon into the atmosphere of more than 150 PgC. These warm-
ing-induced losses represent about a 20 percent reduction in the net oceanic uptake for
atmospheric CO,. Models generally find a smaller magnitude of the temperature feed-
back with a reduction of the order of 50—70 PgC (10—14 percent) over the 21st cen-
tury (Greenblatt and Sarmiento, Chapter 13, this volume), mostly because their warm-
ing is smaller than the magnitude we assumed. Changes in surface salinity also have the
potential to alter the ocean atmosphere distribution of inorganic carbon, on the one
hand through changes in the solubility of CO, and on the other hand through changes
in surface ocean alkalinity (dilution effect). We consider the salinity feedback to be a
minor factor on the global scale for the 21st century, as we expect relatively small
changes in global mean surface salinity, an assessment shared by the model simulations
of Plattner et al. (2001).

CircuLaTIiON FEEDBACKS (OCEAN Brota CONSTANT)

The increase in vertical stratification and the other circulation changes not only reduce
the uptake of anthropogenic CO, from the atmosphere, but also affect the natural car-
bon cycling substantially, even in the absence of any changes in ocean productivity. An
important distinction between this circulation feedback and that associated with the
anthropogenic CO, uptake is that the latter feedback affects only the rate at which the
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atmospheric CO, perturbation is equilibrated with the ocean and does not change the
long-term equilibrium, whereas the former feedback changes the equilibrium distribu-
tion of carbon between the ocean and atmosphere.

As it turns out, in the presence of the biological pumps, these circulation changes
appear to lead to a negative feedback—that is, an increase in the uptake of atmospheric
CO, from the atmosphere. The main reason for this somewhat surprising result is that
a slowdown of the surface to deep mixing also reduces the upward transport of re-
mineralized DIC from the thermocline into the upper ocean, while the downward trans-
port of biologically produced organic carbon remains nearly unchanged.

To estimate the magnitude of this feedback, we assume that global export produc-
tion by particles remains at about 10 PgC y! and that the upward supply of DIC to
compensate in the steady state for this downward organic carbon transport changes
inversely proportionally to the increase in vertical stratification. Adopting our previously
estimated changes in surface stratification (10 percent over the next 20 years and 40 per-
cent over the next 100 years), we estimate the cumulative reduction in the upward sup-
ply of DIC to be 20 PgC over the next 20 years and 400 PgC over the next 100 years.
Not all of this reduced supply of DIC will be compensated for by an additional uptake
of CO, from the atmosphere. Model simulations suggest that this ratio is about half,
leading to an estimate of this negative feedback of about 10 PgC over the next 20 years
and about 200 PgC over the next 100 years. The model simulations summarized by
Greenblatt and Sarmiento (Chapter 13) suggest a range from 33 to more than 110 PgC
over the anthropocene. They also show that the models that have a larger positive cir-
culation feedback associated with the anthropogenic CO, uptake tend to have a large
negative circulation feedback associated with the natural carbon cycle. This result is not
unexpected, as the two feedbacks are tightly linked with each other.

MariNE Brotic FEepBacks (AT CONSTANT CIRCULATION)

The marine biota affects the cycling of carbon in the ocean in two fundamentally dif-
ferent ways. One is through the formation of organic matter in the surface ocean by
photosynthesis and the subsequent export of this material into the ocean interior (soft-
tissue pump), and the other is through the biogenic formation of CaCOj shells in the
upper ocean, which also tend to sink and dissolve at depth (carbonate pump) (see also
Sabine et al., Chapter 2). We will first focus on the soft-tissue pump, because it is quan-
titatively more important, and discuss the carbonate pump thereafter.

The pool of organic matter in the ocean is small, but most of it turns over on
timescales shorter than a year. As a consequence, when considering the impact of cli-
mate change on the natural carbon cycle and in particular ocean biota, it is insufficient
to look at the pool size of organic matter in the ocean. Instead we have to focus on the
time-integrated effect of ocean biology on the oceanic DIC distribution, in particular,
the fraction of the surface-to-deep gradient in DIC in the ocean that is induced by the
soft-tissue pump. Gruber and Sarmiento (2002) estimated that about 50 percent of the



3. The Vulnerability of the Carbon Cycle in the 21st Century | 65

surface-to-deep gradient in oceanic DIC is due to the soft-tissue pump (about 150
micromoles [pmol] kg!). Integrated over the global ocean, this inorganic carbon pool
of biological origin amounts to about 2,500 PgC. Because the ocean CO, system is
strongly buffered, we estimate that only about 10-20 percent of this “biological” car-
bon comes from the atmosphere, with the remainder coming from the oceanic DIC
pool. As a consequence, only a fraction of any loss from this biological DIC pool ends
up changing atmospheric CO,. Model simulations suggest, for example, that a complete
die-off of ocean life would lead to an atmospheric CO, increase of about 150—200 ppm
only (300-400 PgC) (Gruber and Sarmiento 2002).

The biological pump in the ocean does not operate at full strength, however, as there
are many regions where surface nutrients are not entirely used. Only about half of the
global nitrate pool is currently associated with the biological carbon pool, offering the
possibility of almost doubling the biological DIC pool to about 5,000 PgC. If we
assume again that about 10 percent of this carbon comes out of the atmosphere, we find
that the absolute upper and lower bounds of how changes in organic matter export can
influence atmospheric CO, are on the order of + 250 PgC, an estimate consistent with
the recent model simulations by Archer et al. (2000). The fraction of the change in the
biological DIC pool that shows up in the atmospheric CO, pool appears to be highly
model dependent, for reasons not fully understood (Archer et al. 2000).

As very little is known about the sensitivity of marine export production to climate
change, estimating how it might change over the next 20—100 years is by necessity very
uncertain. Our estimates, therefore, must be viewed with caution. It is nevertheless
instructive to determine possible upper bounds and to put them into perspective with
the other pools and processes that might change atmospheric CO, in the 21st century.

Opver the next 20 years, we estimate that global export production will not change
by more than about about 3 PgC y™! (25 percent). This estimate would lead to a max-
imum change in the biological carbon pool of about 60 PgC (4 percent), which would
lead to a change in the atmospheric CO, pool of only about 6—12 PgC. There are many
possible reasons for changes in global marine export production, including changes in
surface ocean physical properties, changes in the delivery of nutrients from land by rivers
and atmosphere, and internal dynamics of the ocean biota, including complex
predator-prey interactions and fisheries-induced pressures on marine predators (see
Boyd and Doney 2003 for a comprehensive review). Over the next 100 years, we esti-
mate that the maximum change of the biological carbon in the ocean is likely less than
about half of the total pool or maximally about 800 PgC. Taking into account the cen-
tury timescales for this perturbation in the biological pool to equilibrate with the
atmosphere, we believe that the maximum change in the atmospheric CO, pool over
the next 100 years due to this effect is about 100 to 150 PgC, or of a magnitude simi-
lar to the glacial-interglacial CO, changes.

There exist possibilities for surprises, though, as our understanding of the mecha-
nisms controlling marine productivity and the subsequent cycling of organic matter in
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the ocean is limited. For example, while marine export production is generally believed
to be controlled primarily by the supply of nutrients and the availability of light (bottom-
up control), grazing pressure (top-down control) also plays a major role. With the enor-
mous fishing pressure on the top predators in the ocean, marine foodwebs have already
been altered fundamentally in many regions (Jackson et al. 2001) and are expected to
change further. On the basis of our current understanding, this human-induced change
in foodweb structure should have a relatively small impact on global marine export pro-
duction, but not enough is known today to exclude the possibility for a bigger role.

We next turn to the impact of climate change on the carbonate pump. Gruber and
Sarmiento (2002) estimated that the surface-to-deep gradient generated by this pump
amounts to about 60 Wmol/kg, giving rise to a calcium carbonate (CaCO,) pump-
induced DIC pool in the ocean of about 600 Pg. The effect of changes in this pool on
atmospheric CO, depends on the timescale considered. On timescales less than a cou-
ple of hundred years, an increase in this pool size tends to increase atmospheric CO,,. This
increase is because the formation of CaCO, lowers the alkalinity of the surface ocean
more than it lowers DIC, thereby reducing the buffer capacity of the ocean. On very long
timescales, this effect is counteracted by interactions with the ocean sediments (Archer
etal. 1997).

Therefore, if changes in the export of CaCO, from the surface ocean are propor-
tional to the changes in the export of organic matter (a constant rain ratio) as
expected—for example, if CaCO, plays an important role as a mineral ballast
(Armstrong et al. 2002; Klaas and Archer 2002)—this process would have a counter-
acting effect on atmospheric CO, changes. Conversely, if the formation and export of
CaCO,was a process that is very independent of the export of organic matter, then the
two processes could reinforce each other, leading to a larger ocean biota feedback.

One example of how the production and export of CaCO, could be affected is
through changes in pH. There is increasing evidence that the calcification rate by
coccolithophorids (the dominant class of phytoplankton that produces CaCO, shells)
might be significantly reduced in response to a lowering of the surface ocean pH
(Riebesell et al. 2000). As a reduction of calcification leads to an increase in the ocean
uptake capacity for atmospheric CO,, this represents a negative feedback for climate
change. Zondervan et al. (2001), however, estimated the magnitude of this effect to be
on the order of 10-20 PgC only for the 21st century. A lower pH also affects the
calcification rates of corals (Gattuso et al. 1998; Kleypas et al. 1999). This effect,
together with the enhanced sea-surface temperatures, poses a significant threat to coral
reefs. The impact will likely be relatively small on atmospheric CO, but could be very
large on ecosystem services such as fish recruitment, biodiversity, and tourism.

METHANE HYDRATES

Vast quantities of methane, exceeding all known fossil-fuel reserves, exist in the form of
methane hydrates. These occur primarily under continental shelf sediments around the
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world and in the Arctic permafrost. Hydrates are a crystalline solid of gas trapped in a
frozen cage of six water molecules. Geologic evidence suggests massive releases of
methane from the ancient sea floor, associated with episodes of global warming (Dick-
ens et al. 1997). Such events can trigger very large undersea landslides and associated
tsunamis. Could such a large-scale release happen over the next 100 years? The mech-
anisms associated with gas hydrate instabilities are very poorly understood, but calcu-
lations of heat penetration into sediments suggest that the probability is very low.

INTERACTIONS BETWEEN THE VARIOUS FEEDBACKS

Are the various feedbacks described here additive, or is it possible that some of these feed-
backs interact with each other to create synergies? The ocean biota feedback and the
ocean circulation feedbacks are tightly coupled, because ocean circulation is a prime
determinant of marine productivity, mainly because circulation controls the resupply of
nutrients from the deep ocean to the light-lit upper ocean. This resupply of nutrients is
also coupled with the resupply of the carbon that is associated with the biological pump.
Therefore, while a decrease in the supply of nutrients (such as caused by an increase in
upper ocean stratification) tends to cause a decrease in marine export production (posi-
tive feedback), at the same time it decreases the resupply of the carbon associated with
the biological pump (negative feedback). As a consequence, there is a strong tendency for
the two processes to counteract each other, with the sign of the combined feedback being
very uncertain (see Greenblatt and Sarmiento, Chapter 13, this volume).

In contrast to the nutrient-limited regions, the expected increase in vertical stratifi-
cation would create a tendency to increase export production in light-limited regions
such as the high latitudes. On the basis of nutrient-light-circulation interactions alone,
one would expect a relatively small change in global export production but large
regional changes, similar to the results of Bopp et al. (2001). Many other interactions,
however, might occur (e.g., associated with the delivery of iron and interactions with
community structure) that make it nearly impossible to make accurate projections
now. Despite all these uncertainties, the circulation feedback and the ocean biota feed-
backs appear to be generally additive.

Reviewing the currently available literature, we are not aware of any strong nonlin-
ear interactions between the various feedbacks, so the net oceanic response to the
anthropogenic CO, perturbation in the atmosphere can be understood from the sum
of its parts. Table 3.2 summarizes the six feedbacks that we discussed.

Atmosphere-Land-Ocean Interactions

The carbon cycle on land, in the atmosphere, and in the ocean are tightly linked with
each other. After having specified the vulnerabilities within the various subsystems, it
is important to investigate the interactions of these feedbacks from a global carbon cycle
perspective.
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Trade-off between Land and Ocean Uptake through Atmospheric Co,

Since atmospheric CO, is one of the main drivers controlling the oceanic uptake of
anthropogenic CO, and probably has some control over the sink strength of the ter-
restrial biosphere, there exists a trade-off between these two sinks. For example, if a given
amount of carbon is lost from one of the land carbon pools into the atmosphere, the
resulting higher atmospheric CO, concentrations would in turn foster increased
oceanic uptake, thereby reducing the overall radiative forcing associated with the ini-
tial loss. The magnitude of the oceanic compensation can be significant. Cox et al.
(2000), for example, find a compensation of approximately 50 percent. The magnitude
of this compensation approaches nearly 100 percent over millennial timescales and
played an important role in buffering the large loss of carbon from the land biosphere
during transitions from interglacial periods to glacial periods. In a similar manner, a
decrease in ocean uptake by, for example, increased stratification would also be partly
compensated by increased terrestrial uptake. The magnitude of this trade-off effect,
however, in this case depends on the sensitivity of the terrestrial biosphere to atmos-

pheric CO,,.

Potential Vulnerability of the Land-Ocean “Conveyor Belt”

The vulnerability of the land-river-marine transport and fate system (“conveyor belt”)
depends on the regional functioning of the hydrological cycle and on the way its
dynamics are driven by patterns of water use, changes in land use practices affecting
mobilization of carbon and nutrients to and through channels, and ultimately how the
seas of the continental margins respond to these changes in forcing. Under scenarios of
an increased hydrological cycle and changes in land use, river flow could increase, lead-
ing to increased ability of rivers to carry materials. Conversely, those areas subject to
drier conditions would incur reduced flow and a reduced capacity of rivers to mobilize
materials. Regardless of climate changes, an increased demand for water for agricultural
and for urban and industrial practices would reduce water available to be routed down
channels. Changes in forcing from upstream would affect coastal receiving waters.
Decreases in river flow (from either drier climates or increased irrigation or retention
in reservoirs) would reduce the cross-shelf water exchange because of a reduced buoy-
ancy effect, resulting in a diminished onshore nutrient supply (Chen, Chapter 18, this
volume). Primary production on the shelf would decrease proportionately, and with it
the ability of continental shelves to act as a sink for carbon. If, on the other hand, there
was a significant increase in nutrients (from increased fertilizers and urban use), higher
levels of productivity, and even eutrophication, in estuaries or coastal regions could be
maintained. Over a longer term, sea-level rises could have pronounced effects on car-
bon. We are currently not in a position to estimate the exact magnitudes of these
effects, but it seems likely that these changes will have a much larger impact on regional
issues than on atmospheric CO,,.



3. The Vulnerability of the Carbon Cycle in the 21st Century | 69

Vegetation Cover—Dust—QOcean Fertilization

A third possible feedback arising out of the interaction of the atmosphere-land-ocean
system concerns the increasing evidence that micronutrients such as iron play an
important role in regulating the strength of the ocean’s biological pump, particularly in
the high-nutrient low-chlorophyll (HNLC) regions. As a substantial fraction of the iron
input into the surface ocean comes from the atmosphere, changes in this input could
lead to changes in ocean productivity, export production, and eventually atmospheric
CO,. This mechanism has actually been proposed as a possible reason for the low
atmospheric CO, concentration during the last glacial period (e.g., Martin 1990; see
Joos and Prentice, Chapter 7, this volume). This feedback may also operate in the future.
If degradation or desertification on land leads to increased dust inputs into oceanic
HNLC regions, this dust input would stimulate oceanic productivity and thus increase
oceanic CO, uptake. We estimate, however, that this effect will be relatively minor over
the next 20 or 100 years in really reducing atmospheric CO,, but this effect might lead
to large changes on a regional scale.

It also has been proposed that atmospheric iron input plays a major role in control-
ling marine N -fixation and that changes in the iron input would therefore lead to
changes in the total inventory of fixed nitrogen in the ocean, which could fuel higher
levels of marine productivity throughout the ocean (Falkowski 1997; Broecker and Hen-
derson 1998). It is unlikely, however, that this mechanism will lead to large changes in
the ocean atmosphere distribution of inorganic carbon over the next 20 to 100 years.

Summary and Conclusions

Our analysis of the vulnerability of the carbon pool on land and in the ocean reveals that
a substantial amount of carbon is at risk of becoming mobilized and being released into
the atmosphere (Figure 3.2, Figure 3.3, and Table 3.1). Recognizing that our estimates
are quite uncertain, we find that on the order of several tens of Pg could be lost from
the land and ocean carbon pool over the next 20 years and several hundred Pg over the
course of this century. On land, we estimate that the maximum potential losses are sub-
stantially larger than the maximum potential sinks, suggesting that the overall sign of
the feedbacks arising from carbon-climate-human interactions is positive—that is,
accelerating climate change. For the ocean, we must differentiate between the ocean
uptake that exists in the absence of climate change and the ocean sink that is due to cli-
mate feedbacks. The ocean uptake in the absence of any feedback is very large, on the
order of several hundred Pg C. This uptake could be substantially offset by the feed-
backs, since their net sign is likely positive as well.

Our results imply that the fraction of the anthropogenic CO, emissions that will
remain in the atmosphere and force a climate change will increase in the future. As a
consequence, the permissible anthropogenic emissions in a stabilization pathway are
smaller in the presence of interactions between the carbon-climate-human systems. The
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magnitudes of the feedbacks depend to a large degree on the state of the climate system.
The feedbacks tend to get stronger with larger climate forcing, implying that the mag-
nitude of the offsetting effect for the permissible emissions increases with the concen-
tration of the atmospheric CO, stabilization target. A final observation that arises from
the inspection of Table 3.1 is that the vulnerability of the global carbon cycle stems from
the vulnerability of many different pools and processes. This finding highlights the need
for a highly integrative and interdisciplinary approach for studying the global carbon
cycle and the need to view Earth as a coupled system rather than as an entity that can
be studied in parts.

Although we view our analysis as a first step toward identifying and quantifying these
feedbacks, our estimates are preliminary at best. We hope, however, to encourage sub-
sequent research that will improve our initial assessment.

Note

1. The SRES A2 and B2 emission scenarios were developed by Nakicenovic et al. (2000)
and represent two representative samples out of a large family of scenarios. The A2 story line
describes a very heterogeneous world. The underlying theme is self-reliance and preservation
of local identities. Fertility patterns across regions converge very slowly, which results in con-
tinuously increasing population. Economic development is primarily regionally oriented,
and per capita economic growth and technological change are more fragmented and slower
than in other storylines. The B2 story line describes a world in which the emphasis is on local
solutions to economic, social, and environmental sustainability. It is a world with continu-
ously increasing global population, at a rate lower than A2, and intermediate levels of eco-
nomic development and of technological change. Although the scenario is also oriented
toward environmental protection and social equity, it focuses on local and regional levels.
Because of higher population and slow technological advances, the A2 scenario results in one
of the highest levels of CO, emissions, whereas B2 represents an intermediate-level emission
scenario.
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