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waste management and biomass burning. Constraints
from methyl chloroform observations show that there
have been no sightant trends in hydroxyl radical (OH)

ozone depletion and therefore enhance the ozone column
amounts.

concentrations, and hence in methane removal rates, ov&erosol Particles and Climate

the past few decades (see Chapter 2). The recent slowdown
in the growth rate of atmospheric methane since about
1993 is thudikely due to the atmosphere approaching an
equilibrium during a period of near-constant total emissions.
However, future methane emissions from wetlands are
likely to increase in a warmer and wetter climate, and te
decrease in a warmer and drier climate.

No long-term trends in the tropospheric concentration
of OH are expected over the next few decades due to
offsetting effects from changes in nitric oxides (YO
carbon monoxide, organic emissions and climate change.
Interannual variability of OH may continue to affect the
variability of methane.

New model estimates of the global tropospheric ozone
budget indicate that input of ozone from the stratosphere
(approximately 500 Tg y#) is smaller than estimated in the
TAR (770 Tg yrY), while the photochemical production and ¢
destruction rates (approximately 5,000 and 4,500 T§ yr
respectively) are higher than estimated in the TAR (3,400
and 3,500 Tg y#). This implies greater sensitivity of ozone
to changes in tropospheric chemistry and emissions. .

Observed increases in N@nd nitric oxide emissions,
compared with pre-industrial estimates, aexy likely
directly linked to ‘acceleration’ of the nitrogen cycle
driven by human activity, including increased fertilizer use,
intenspcation of agriculture and fossil fuel combustion.

Future climate change may cause either an increase or a
decrease in background tropospheric ozone, due to the
competing effects of higher water vapour and higher
stratospheric input; increases in regional ozone pollution
are expected due to higher temperatures and weaker
circulation. .

Future climate change may cause sigant air quality
degradation by changing the dispersion rate of pollutants,
the chemical environment for ozone and aerosol generation
and the strength of emissions from the biosphznes and
dust. The sign and magnitude of these effects are highly
uncertain and will vary regionally.

The future evolution of stratospheric ozone, and therefore
its recovery following its destruction by industrially
manufactured halocarbons, will be Rirenced by
stratospheric cooling and changes in the atmospheric
circulation resulting from enhanced g@oncentrations.
With a possible exception in the polar lower stratosphere
where colder temperatures favour ozone destruction by
chlorine activated on polar stratospheric cloud particles,
the expected cooling of the stratosphere should reduce

Sulphate aerosol particles are responsible for globally
averaged temperatures being lower than expected from
greenhouse gas concentrations alone.

Aerosols affect radiativBuxes by scattering and absorbing
solar radiation (direct effect, see Chapter 2). They also
interact with clouds and the hydrological cycle by acting as
cloud condensation nuclei (CCN) and ice nuclei. For a given
cloud liquid water content, a larger number of CCN increases
cloud albedo (indirect cloud albedo effect) and reduces the
precipitation dbciency (indirect cloud lifetime effect), both of
which arelikely to result in a reduction of the global, annual
mean net radiation at the top of the atmosphere. However,
these effects may be partly offset by evaporation of cloud
droplets due to absorbing aerosols (semi-direct effect) and/or
by more ice nuclei (glaciation effect).

The estimated total aerosol effect is lower than in TAR
mainly due to improvements in cloud parametrizations, but
large uncertainties remain.

The radiative forcing resulting from the indirect cloud
albedo effect was estimated in Chapter 2 as —0.7-&% m
with a 90% cotrdence range of —0.3 to —1.8 W-3n
Feedbacks due to the cloud lifetime effect, semi-direct
effect or aerosol-ice cloud effects can either enhance or
reduce the cloud albedo effect. Climate models estimate
the sum of all aerosol effects (total indirect plus direct) to
be —1.2 W m2 with a range from —0.2 to —2.3 W-#in the
change in top-of-the-atmosphere net radiation since pre-
industrial times, whereas inverse estimates constrain the
indirect aerosol effect to be between —-0.1 and -1.7-% m
(see Chapter 9).

The magnitude of the total aerosol effect on precipitation
is more uncertain, with model results ranging from almost
no change to a decrease of 0.13 mm-Hdyecreases in
precipitation are larger when the atmospheric General
Circulation Models are coupled to mixed-layer ocean
models where the sea surface temperature and, hence, the
evaporation is allowed to vary.

Deposition of dust particles containing limiting nutrients
can enhance photosynthetic carlfaation on land and in
the oceans. Climate change is likely to affect dust sources.

Since the TAR, advances have been made to link the
marine and terrestrial biospheres with the climate system
via the aerosol cycle. Emissions of aerosol precursors from
vegetation and from the marine biosphere are expected to
respond to climate change.
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This variation in time and space can be at least as important as
averaged quantities. The response variables and drivers for the
terrestrial system can be divided into biophysical, biological,
biogeochemical and human processes. The present biophysical
viewpoint emphasizes the response variables that involve the
stores of energy and water and the mechanisms coupling these
terms to the atmosphere. The exchanges of energy and moisture
between the atmosphere and land surface (Boxes 7.1 and 7.2)
are driven by radiation, precipitation and the temperature,
humidity and winds of the overlying atmosphere. Determining
how much detail to include to achieve an understanding of the
system is not easy: many choices can be made and more detail
becomes necessary when more processes are to be addressed.

7.2.2 Dependence of Land Processes and Climate
on Scale
7.2.2.1  Multiple Scales are Important

Temporal variability ranges from the daily and weather time
scales to annual, interannual, and decadal or longer scales: the
amplitudes of shorter time scales change with long-term changes
from global warming. The land climate system has controls on
amplitudes of variables on all these time scales, varying with
season and geography. For example, Trenberth and Shea (2005)

evaluate from climatic observations the correlation between
surface air temperature and precipitation, and find a strong
r > 0.3) positive correlation over most winter land areas (i.e.,
poleward of 40°N) but a strong (|r] > 0.3) negative correlation
over much of summer and tropical land. These differences result
from competing feedbacks with the water cycle. On scales
large enough that surface temperatures control atmospheric
temperatures, the atmosphere will hold more water vapour and
may provide more precipitation with warmer temperatures. Low
clouds strongly control surface temperatures, especially in cold
regions where they make the surface warmer. In warm regions
without precipitation, the land surface can become warmer
because of lack of evaporation, or lack of clouds. Although
a drier surface will become warmer from lack of evaporative
cooling, more water can evaporate from a moist surface if the
temperature is warmer (see Box 7.1).
7.2.2.2  Spatial Dependence

Drivers of the land climate system have larger effects
at regional and local scales than on global climate, which is
controlled primarily by processes of global radiation balance.
Myhre et al. (2005) point out that the albedo of agricultural
systems may be only slightly higher than that of forests and
estimate that the impact since pre-agricultural times of land use

Box 7.1: Surface Energy and Water Balance

The land surface on average is heated by net radiation balanced by exchanges with the atmosphere of sensible and latent heat,
known as the ‘surface energy balance’ Sensible heat is the energy carried by the atmosphere in its temperature and latent heat is the
energy lost from the surface by evaporation of surface water. The latent heat of the water vapour is converted to sensible heat in the
atmosphere through vapour condensation and this condensed water is returned to the surface through precipitation.

The surface also has a‘surface water balance’ Water coming to the surface from precipitation is eventually lost either through water
vapour ux or by runo . The latent heat ux (or equivalently water vapour ux) under some conditions can be determined from the
energy balance. Fora xed amount of net surface radiation, if the sensible heat ux goes up, the latent ux will go down by the same
amount. Thus, if the ratio of sensible to latent heat ux depends only on air temperature, relative humidity and other known factors,
the ux of water vapour from the surface can be found from the net radiative energy at the surface. Such a relationship is most read-
ily obtained when water removal (evaporation from soil or transpiration by plants) is not limited by availability of water. Under these
conditions, the increase of water vapour concentration with temperature increases the relative amount of the water ux as does low
relative humidity. Vegetation can prolong the availability of soil water through the extent of its roots and so increase the latent heat

ux but also can resist movement through its leaves, and so shift the surface energy uxes to a larger fraction carried by the sensible
heat ux. Fluxes to the atmosphere modify atmospheric temperatures and humidity and such changes feed back to the uxes. Storage
and the surface can also be important at short time scales, and horizontal transports can be important at smaller spatial scales.

If a surface is too dry to exchange much water with the atmosphere, the water returned to the atmosphere should be on average
not far below the incident precipitation, and radiative energy beyond that needed for evaporating this water will heat the surface.
Under these circumstances, less precipitation and hence less water vapour ux will make the surface warmer. Reduction of cloudiness
from the consequently warmer and drier atmosphere may act as a positive feedback to provide more solar radiation. A locally moist
area (such as an oasis or pond), however, would still evaporate according to energy balance with no water limitation and thus should

increase its evaporation under such warmer and drier conditions.

Various feedbacks coupling the surface to the atmosphere may work in opposite directions and their relative importance may
depend on season and location as well as on temporal and spatial scales. A moister atmosphere will commonly be cloudier making
the surface warmer in a cold climate and cooler in a warm climate. The warming of the atmosphere by the surface may reduce its rela-
tive humidity and reduce precipitation as happens over deserts. However, it can also increase the total water held by the atmosphere,
which may lead to increased precipitation as happens over the tropical oceans.
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7.2.6  Linking Biophysical to Biogeochemical and

Ecohydrological Components

Soil moisture and surface temperatures work together in
response to precipitation and radiative inputs. Vegetation
influences these terms through its controls on energy and water
fluxes, and through these fluxes, precipitation. It also affects the
radiative heating. Clouds and precipitation are affected through
modifications of the temperature and water vapour content of
near-surface air. How the feedbacks of land to the atmosphere
work remains difficult to quantify from either observations
or modelling (as addressed in Sections 7.2.3.2 and 7.2.5.1).
Radiation feedbacks depend on vegetation or cloud cover
that has changed because of changing surface temperatures
or moisture conditions. How such conditions may promote or
discourage the growth of vegetation is established by various
ecological studies. The question of how vegetation will change
its distribution at large scales and the consequent changes in
absorbed radiation is quantified through remote sensing studies.
At desert margins, radiation and precipitation feedbacks may
act jointly with vegetation. Radiation feedbacks connected to
vegetation may be most pronounced at the margins between
boreal forests and tundra and involve changes in the timing of
snowmelt. How energy is transferred from the vegetation to
underlying snow surfaces is understood in general terms but
remains problematic in modelling and process details. Dynamic
vegetation models (see Section 7.2.4.5) synthesize current
understanding.

Changing soil temperatures and snow cover affect soil
microbiota and their processing of soil organic matter. How are
nutrient supplies modified by these surface changes or delivery
from the atmosphere? In particular, the treatment of carbon
fluxes (addressed in more detail in Section 7.3) may require
comparable or more detail in the treatment of N cycling (as
attempted by S. Wang, et al., 2002; Dickinson et al., 2003).
The challenge is to establish better process understanding at
local scales and appropriately incorporate this understanding
into global models. The Coupled Carbon-Cycle Climate Model
Intercomparison Project (CAMIP) simulations described in
Section 7.3.5 are a first such effort.

Biomass burning is a major mechanism for changing
vegetation cover and generation of atmospheric aerosols and is
directly coupled to the land climate variables of moisture and
near-surface winds, as addressed for the tropics by Hoffman et
al. (2002). The aerosol plume produced by biomass burning at
the end of the dry season contains black carbon that absorbs
radiation. The combination of a cooler surface due to lack of
solar radiation and a warmer boundary layer due to absorption
of solar radiation increases the thermal stability and reduces
cloud formation, and thus can reduce rainfall. Freitas et al.
(2005) indicate the possibility of rainfall decrease in the Plata
Basin as a response to the radiative effect of the aerosol load
transported from biomass burning in the Cerrado and Amazon
regions. Aerosols and clouds reduce the availability of visible
light needed by plants for photosynthesis. However, leaves in
full sun may be light saturated, that is, they do not develop

sufficient enzymes to utilise that level of light. Leaves that
are shaded, however, are generally light limited. They are
only illuminated by diffuse light scattered by overlying leaves
or by atmospheric constituents. Thus, an increase in diffuse
light at the expense of direct light may promote leaf carbon
assimilation and transpiration (Roderick et al., 2001; Cohan
et al.,, 2002; Gu et al., 2002, 2003). Yamasoe et al. (2006)
report the first observational tower evidence for this effect in
the tropics. Diffuse radiation resulting from the Mt. Pinatubo
eruption may have created an enhanced terrestrial carbon sink
(Roderick et al., 2001; Gu et al., 2003). Angert et al. (2004)
provide an analysis that rejects this hypothesis relative to other
possible mechanisms.

7.3 The Carbon Cycle and the

Climate System

7.3.1 Overview of the Global Carbon Cycle

7.3.1.1  The Natural Carbon Cycle

Over millions of years, CO, is removed from the atmosphere
through weathering by silicate rocks and through burial in
marine sediments of carbon fixed by marine plants (e.g.,
Berner, 1998). Burning fossil fuels returns carbon captured by
plants in Earth’s geological history to the atmosphere. New ice
core records show that the Earth system has not experienced
current atmospheric concentrations of CO,, or indeed of CH,,
for at least 650 kyr — six glacial-interglacial cycles. During that
period the atmospheric CO, concentration remained between
180 ppm (glacial maxima) and 300 ppm (warm interglacial
periods) (Siegenthaler et al., 2005). It is generally accepted that
during glacial maxima, the CO, removed from the atmosphere
was stored in the ocean. Several causal mechanisms have been
identified that connect astronomical changes, climate, CO, and
other greenhouse gases, ocean circulation and temperature,
biological productivity and nutrient supply, and interaction with
ocean sediments (see Box 6.2).

Prior to 1750, the atmospheric concentration of CO, had
been relatively stable between 260 and 280 ppm for 10 kyr
(Box 6.2). Perturbations of the carbon cycle from human
activities were insignificant relative to natural variability.
Since 1750, the concentration of CO, in the atmosphere has
risen, at an increasing rate, from around 280 ppm to nearly
380 ppm in 2005 (see Figure 2.3 and FAQ 2.1, Figure 1). The
increase in atmospheric CO, concentration results from human
activities: primarily burning of fossil fuels and deforestation,
but also cement production and other changes in land use and
management such as biomass burning, crop production and
conversion of grasslands to croplands (see FAQ 7.1). While
human activities contribute to climate change in many direct
and indirect ways, CO, emissions from human activities are
considered the single largest anthropogenic factor contributing
to climate change (see FAQ 2.1, Figure 2). Atmospheric CH,
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Table 7.1. The global carbon budget (S)Ceyrors represent +1 standard deviation uncertainty estimates and not interannual variability, which is laiger. The atmosphe
increase ( rst line) results from uxes to and from the atmosphere: positive uxes are inputs to the atmospregatieniss@mnale losses from the atmosphere

(sinks); and numbers in parentheses are ranges. Note that the total sink of antfisopetjeing@ined. Thus, the ocean-to-atmosphere and land-to-atmosphere

uxes are negatively correlated: if one is larger, the other must be smaller to match the total sink, and vice versa.

2000-2005¢c
re\-:-iét?d a ARS
Atmospheric IncreaseP 3.3-0.1 3.3-0.1 3.2-0.1 3.2-0.1 41-0.1
Emissions (fossil + cement)© 5.4-0.3 54-0.3 6.4—-0.4 6.4—-0.4 7.2-0.3
Net ocean-to-atmosphere uxd 1.9-0.6 1.8-0.8 1.7-05 22-04 22-05
Net land-to-atmosphere uxe 0.2-0.7 0.3-0.9 14-0.7 1.0-0.6 0.9-0.6

Partitioned as follows

1.7 1.4 1.6

Land use change ux (0.6 10 2.5) 0.4102.3) n.a. 0510 2.7) n.a.
. L 1.9 1.7 2.6
Residual terrestrial sink (38t0 03) (3.4100.2) n.a. (4310 0.9) n.a.

Notes:

a TAR values revised according to an ocean heat content correction for ocean oxygen uxes (Bopp et al., 2002) and using the Fourth Assessment Report (AR4) best
estimate for the land use change ux given in Table 7.2.

Determined from atmospheric CO, measurements (Keeling and Whorf, 2005, updated by S. Piper until 2006) at Mauna Loa (19 N) and South Pole (90 S) stations,
consistent with the data shown in Figure 7.4, using a conversion factor of 2.12 GtC yr 1 = 1 ppm.

Fossil fuel and cement emission data are available only until 2003 (Marland et al., 2006). Mean emissions for 2004 and 2005 were extrapolated from energy use data
with a trend of 0.2 GtC yr 1.

For the 1980s, the ocean-to-atmosphere and land-to-atmosphere uxes were estimated using atmospheric O,:N, and CO, trends, as in the TAR. For the 1990s, the
ocean-to-atmosphere ux alone is estimated using ocean observations and model results (see Section 7.3.2.2.1), giving results identical to the atmospheric O,:N,
method (Manning and Keeling, 2006), but with less uncertainty. The net land-to-atmosphere ux then is obtained by subtracting the ocean-to-atmosphere ux from
the total sink (and its errors estimated by propagation). For 2000 to 2005, the change in ocean-to-atmosphere ux was modelled (Le Qu@rd et al., 2005) and added
to the mean ocean-to-atmosphere ux of the 1990s. The error was estimated based on the quadratic sum of the error of the mean ocean ux during the 1990s and
the root mean square of the ve-year variability from three inversions and one ocean model presented in Le Qu@r@ et al. (2003).

Balance of emissions due to land use change and a residual land sink. These two terms cannot be separated based on current observations.

o
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Figure 7.4. Changes in global atmosphegic@©entrations. (a) Annual (bars) and ve-year mean (lower black line) changesonagabalicas, from Scripps
Institution of Oceanography observations (mean of South Pole and Mauna Loa; Keeling and Whorf, 2005, updadduhe Bhewp@emstapipereases that would
occur if 100% of fossil fuel emissions (Marland et al., 2006, updated as described in Chapter 2) remained irdtieeatacdaphshaves ve-year mean annual
increases from National Oceanic and Atmospheric Administration (NOAA) data (mean of Samoa and Mauna Loa; Tgpdeted) GbhWweacO05f fossil fuel
emissions remaining in the atmosphere (‘airborne fraction’) each year (bars), and ve-year means (solid bddak (mea(Sinppd 858 is 0.55). Note the anoma-
lously low airborne fraction in the early 1990s.
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terrestrial carbon models, prescribed with changes in cropland
area from Ramankutty and Foley (1999). The higher land use
emissions of Houghton (2003a) may reflect both the additional
inclusion of conversion of forest to pasture and the use of a
larger cropland expansion rate than the one of Ramankutty and
Foley (1999), as noted by Jain and Yang (2005). Houghton
(2003a) updated the land use flux to 2.0 + 0.8 GtC yr-1 for the
1980s and 2.2 + 0.8 GtC yr-1 for the 1990s (see Table 7.2). This
update gives higher carbon losses from tropical deforestation
than those in the TAR (Houghton 2003b).

In addition, DeFries et al. (2002) estimated a tropical
land use flux of 0.7 (0.4-1.0) GtC yr-1for the 1980s and 1.0
(0.5-1.6) GtC yr-1 for the 1990s, using the same bookkeeping
approach as Houghton (1999) but driven by remotely sensed
data on deforested areas. A similar estimate was independently
produced by Achard et al. (2004) for the 1990s, also based on

Table 7.2. Land to atmosphere emissions resulting from land use changes during the 1990s and th¢. T9ROB(BtE Assessment Report (AR4) estimates used
in the global carbon budget (Table 7.1) are shown in bold. Positive values indicate carbon losses from landiatiesystemepdsterkes +1 standard deviation.

Numbers in parentheses are ranges of uncertainty.

Tropical

Tropical

Tropical

remote sensing. These different land use emissions estimates
are reported in Table 7.2. Although the two recent satellite-
based estimates point to a smaller source than that of Houghton
(2003a), it is premature to say that Houghton’s numbers are
overestimated. The land use carbon source has the largest
uncertainties in the global carbon budget. If a high value for the
land use source is adopted in the global budget, then the residual
land uptake over undisturbed ecosystems should be a large sink,
and vice versa. For evaluating the global carbon budget, the
mean of DeFries et al. (2002) and Houghton (2003a), which
both cover the 1980s and the 1990s (Table 7.2), was chosen and
the full range of uncertainty is reported. The fraction of carbon
emitted by fossil fuel burning, cement production and land use
changes that does not accumulate in the atmosphere must be
taken up by land ecosystems and by the oceans.

Americas Africa Asia Pan-Tropical Non-tropics Total Globe
1990s
Houghton (2003a)2 0.8-0.3 0.4-0.2 1.1-05 22-0.6 0.02-0.5 22-0.8
DeFries et al. 0.5 0.1 1.0 na na
(2002)p (0.2t00.7) (0.1t00.2) (0.2t0 0.6) (0.51t0 1.6) o h
Achard et al. 0.3 0.2 0.9 na na
(2004)c (0.3 10 0.4) (0.1t00.2) (0.3t0 0.5) (0.5t0 1.4) < <
ARA4d 0.7 0.3 1.6 0.02 1.6
(0.4 10 0.9) (0.2t0 0.4) (0.4t01.1) (1.0to 2.2) ( 0.5to0 +0.5) (0.51t0 2.7)
1980s
Houghton (2003a)2 0.8-0.3 0.3-0.2 0.9-0.5 1.9-0.6 0.06 -0.5 2.0-0.8
DeFries et al. 0.4 0.1 0.7 na na
(2002)b (0.2 t0 0.5) (0.08 to 0.14) (0.1t00.3) (0.4 t0 1.0) - -
McGuire et al.
(2001)¢ 0.6t01.2 0.1to +0.4 (0.6 t0 1.0)
Jain and Yang 0.22100.24 0.08 t0 0.48 0.58 t0 0.34 - - 1.33 10 2.06
(2005)f ' ' ’ ’ ' ’ ' '
1.7
TARS (0.6 t0 2.5)
ARA 0.6 0.2 1.3 0.06 1.4
(0.31t00.8) (0.1t00.3) (0.3t00.9) (0.9t0 1.8) ( 0.4to +0.6) (0.4t02.3)
Notes:
a His Table 2.

b Their Table 3.

o

a

regions where DeFries et al. have no estimate, Houghton has been used.
Their Table 5; range is obtained from four terrestrial carbon models.

®

(2003a) and DeFries et al. (2002).
In the TAR estimate, no values were available for the 1990s.

Q
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Their Table 2 for mean estimates with the range indicated in parentheses corresponding to their reported minimum and maximum estimates.
Best estimate calculated from the mean of Houghton (2003a) and DeFries et al. (2002), the only two studies covering both the 1980s and the 1990s. For non-tropical

The range indicated in parentheses corresponds to two simulations using the same model, but forced with different land cover change datasets from Houghton



Chapter 7 Couplings Between Changes in the Climate System and Biogeochemistry

7.3.2.2  Uptake of COby Natural Reservoirs and Global ~ processes). For assessing the global land-atmospivereore

Carbon Budget than just direct terrestrial observations must be used, because
observations of land ecosystem carlffarxes are too sparse
7.3.2.2.1 Ocean-atmosphdsax and the ecosystems are too heterogeneous to allow global

To assess the mean ocean sink, seven methods have bassessment of the net laRdx with subcient accuracy. For
used. The methods are based on: (1) observations of the pariistance, large-scale biomass inventories (Goodale et al., 2002;
pressure of C@at the ocean surface and gas-exchange estimateN-ECE/FAO, 2000) are limited to forests with commercial
(Takahashi et al., 2002); (2) atmospheric inversions based upwalue, and they do not adequately survey tropical forests. Direct
diverse observations of atmospheric ££énd atmospheric Rux observations by the eddy covariance technique are only
transport modelling (see Section 7.2.3.4); (3) observations @vailable at point locations, most do not yet have long-term
carbon, oxygen, nutrients and chiBmwrocarbons (CFCs) in coverage and they require considerable upscaling to obtain
seawater, from which the concentration of anthropogenis CQylobal estimates (Baldocchi et al., 2001). As a result, two
is estimated (Sabine et al., 2004a) combined with estimates wfethods can be used to quantify the net global land-atmosphere
oceanic transport (Gloor et al., 2003; Mikaloff Fletcher et al.ux: (1) deducing that quantity as a residual between the fossil
2006); (4) estimates of the distribution of water age based doel and cement emissions and the sum of ocean uptake and
CFC observations combined with the atmospherig Qi€tory ~ atmospheric increase (Table 7.1), or (2) inferring the land-
(McNeil et al., 2003); (5) the simultaneous observations oftmospher®&ux simultaneously with the ocean sink by inverse
the increase in atmospheric €@nd decrease in atmospheric analysis or mass balance computations using atmosphesic CO
O, (Manning and Keeling, 2006); (6) various methods usinglata, with terrestrial and marine processes distinguished using
observations of change #C in the atmosphere (Ciais et al., O,/N, and/ort3C observations. Individual estimates of the land-
1995) or the oceans (Gruber and Keeling, 2001; Quay et ahfmospherddux deduced using either method 1 or method 2
2003); and (7) ocean General Circulation Models (Orr et al.,

2001). The ocean uptake estimates obtained with methods (1)
. . . == AR4 1980s updated from TAR
and (2) include in part Bux component due to the outgassing — AR4 1990s
of river-supplied inorganic and organic carbon (Sarmiento and :Qmiirh'iff?cf o Bt ot a1 2000
Sundquist, 1992). The magnitude of this necessary correction to = Atmospheric CO. and O/N. [Batile et al. 2000]
obtain the oceanic uptakeix of anthropogenic CQOs not well
known, as these estimates pertain to the open ocean, whereas = Ocean change in CFC inventory [McNeil et al. 2002]
a substantial fraction of the river-induced outgassing likely :?ﬁ;a:g;s%:fxﬁsgéir;urin;g‘fxﬁfﬁésgg Tsz‘nyl\gcs(;?;]l. 2001]
occurs in coastal regions. These estimates of the net oceanic = TAR 1990s aimospheric O/N. trends [Prentice et al. 2001]
. . . == Ocean pCO, surveys, [Takahashi et al. 2002]
sink are shown in Figure 7.3.

With these corrections, estimates from all methods are
consistent, resulting in a well-constrained global oceanic sink
for anthropogenic CO(see Table 7.1). The uncertainty around
the different estimates is more it to judge and varies
considerably with the method. Four estimates appear better
constrained than the others. The estimate for the ocean uptake
of atmospheric CQof —2.2 + 0.5 GtC yt centred around 1998
based on the atmospheric/R®, ratio needs to be corrected
for the oceanic ©changes (Manning and Keeling, 2006). The
estimate of —2.0 + 0.4 GtC-yrcentred around 1995 based on
CFC observations provides a constraint from observed physical
transport in the ocean. These estimates of the ocean sink are
shown in Figure 7.6. The mean estimates of —2.2 + 0.25 ang o
—2.2 + 0.2 GtC y# centred around 1995 and 1994 provide$
constraints based on a large number of ocean carbon observatiops.
These well-constrained estimates all point to a decadal meeﬁz?g'1
ocean CQ sink of —2.2 + 0.4 GtC y# centred around 1996,
where the uncertainty is the root mean square of all errors. S@e-2
Section 5.4 for a discussion of changes in the ocegrsiok

o
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7.3.2.2.2 Land-atmosphefieix 1980 1985 1990 1995 2000 2005

The land-atmosphere GQBux is the sum of the land . _ _
gure 7.6. Individual estimates of the ocean-atmosphere ux reported in Chapter

. i
u,se Change :{:_ 3ux (See SeCt'c_)n 7'3'2'.1) plus source; andj: and of the related land-atmosphere ux required to close the global carbon bud-
sinks due for instance to legacies of prior land use, climatget. The dark thick lines are the revised budget estimates in the AR4 for the 1980
rising CO, or N deposition (see Section 7.3.3 for a review ofthe 1990s and the early 2000s, respectively.
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Couplings Between Changes in the Climate System and Biogeochemistry Chapter 7

are shown in Figure 7.6. Method 2 was used in the TAR, basespecially in Amazonia. A major uncertainty in the carbon budget
upon Q/N, data (Langenfelds et al., 1999; Battle et al., 2000)telates to possible net change in the carbon stocks in these forests.
Corrections have been made to the results of method 2 @ld growth tropical forests contain huge stores of organic matter,
account for the effects of thermal, Quxes by the ocean (Le and are very dynamic, accounting for a major fraction of global
Quéré et al., 2003). This chapter includes these corrections et primary productivity (and about 46% of global biomass;
update thel980s budget, resulting in a land fReix of 0.3 £+ Brown and Lugo, 1982). Changes in the carbon balance of these
0.9 GtC yrl during the 1980s. For the 1990s and after, methodegions could have sigpéant effects on global GO

1 was adopted for assessing the ocean sink and the land-Recent studies of the carbon balance of study plots in
atmospher®ux. Unlike in the TAR, method 1 is preferred for mature, undisturbed tropical forests (Phillips et al., 1998;
the 1990s and thereafter (i.e., estimatingt the ocean uptake, Baker et al., 2004) report accumulation of carbon at a mean
and then deducing the land ri&tx) because the ocean uptakerate of 0.7 £ 0.2 MgC hayr-1, implying net carbon uptake

is now more robustly determined by various oceanographinto global Neotropical biomass of 0.6 + 0.3 GtClyAn
approaches (see 7.3.2.2.1) than by the atmospheriee@s. intriguing possibility is that rising CQOevels could stimulate
The numbers are reported in Table 7.1. The land-atmosphettés uptake by accelerating photosynthesis, with ecosystem
Bux evolved from a small sink in the 1980s of —0.3 = 0.%espiration lagging behind. Atmospheric C€oncentration has
GtC yr1to a large sink during the 1990s of —1.0 + 0.6 Gt& yr increased by about 1.5 ppm (0.4%)ysuggesting incremental
and returned to an intermediate value of -0.9 + 0.6 G#@yer  stimulation of photosynthesis of about 0.25% (e.g., next year’s
the pasbve years. A recent weakening of the land-atmosphernghotosynthesis should be 1.0025 times this year’s) (Lin et
uptake has also been suggested by other independent studiealgf 1999; Farquhar et al., 2001). For a mean turnover rate of
theRRux variability over the past decades (Jones and Cox, 2005bout 10 years for organic matter in tropical forests, the present

The global CQbudget is summarised in Table 7.1. imbalance between uptake of €@nd respiration might be
2.5% (1.002%), consistent with the reported rates of live
7.3.2.2.3 Residual land sink biomass increase (~3%).

In the context of land use change, deforestation dominates But the recent pan-tropical warming, about 0.26°C per
over forest regrowth (see Section 7.3.2.1), and the observed mietcade (Malhi and Wright, 2004), could increase water stress
uptake of CQ by the land biospheiienplies that there must and respiration, and stimulation by C@ight be limited by
be an uptake by terrestrial ecosystems elsewhere, called thetrients (Chambers and Silver, 2004; Koerner, 2004; Lewis
‘residual land sink’ (formerly the ‘missing sink’). Estimates et al., 2005; see below), architectural constraints on how much
of the residual land sink necessarily depend on the land ub&émass a forest can hold, light competition, or ecological shifts
changefBux, and its uncertainty Rects predominantly the favouring short lived trees or agents of disturbance (insects,
(large) errors associated with the land use change term. Willanas) (Koerner, 2004). Indeed, Baker et al. (2004) note higher
the high land use source of Houghton (2003a), the residuaiortality rates and increased prevalence of lianas, and, since dead
land sink equals —2.3 (-4.0 to —-0.3) and -3.2 (-4.5 to —1.®rganic pools were not measured, effects of increased disturbance
GtC yr1 respectively for the 1980s and the 1990s. With thenay give the opposite sign of the imbalance inferred from live
smaller land use source of DeFries et al. (2002), the residublomass only (see, e.gRice et al., 2004). Methodological
land sink is —0.9 (—2.0 to —0.3) and —1.9 (—2.9 to —1.0) GtC yr bias associated with small plots, which under-sample natural
for the 1980s and the 1990s. Using the mean value of the ladgturbance and recovery, might also lead to erroneous inference
use source from Houghton (2003a) and DeFries et al. (2002) eénet growth (Koerner, 2004). Indeed, studies involving large-
reported in Table 7.2, a mean residual land sink of —1.7 (-3.4 tvea plots (9-50 ha) have indicated either no net long-term
0.2) and —2.6 (—4.3 to —0.9) GtC-¥for the 1980s and 1990s change or a long-term net decline in above ground live biomass
respectively is obtained. Houghton (2003a) and DeFries et dlChave et al., 2008Baker et al., 2004; Clark, 2004; Laurance et
(2002) give different estimates of the land use source, but they., 2004), and Bve-year study of a 20 ha plot in Tapajos, Brazil
robustly indicate that deforestation emissions were 0.2 to 0show increasing live biomass offset by decaying necromass
GtC yr! higher in the 1990s than in the 1980s (see Table 7.2jFearnside, 2000; Saleska et al., 2003).

To compensate for that increase and to match the larger land- Koerner (2004) argues that accurate assessment of trends in
atmosphere uptake during the 1990s, the inferred residual lafmtest carbon balance requires long-term monitoring of many
sink must have increased by 1 GtClysetween the 1980s and replicate plots or very large plots; lacking these studies, the
the 1990s. Thignding is insensitive to the method used tonet carbon balance of undisturbed tropical forests cannot be
determine the land udgux, and shows considerable decadalauthoritatively assessed based iorsitu studies. If the results
variability in the residual land sink. from the plots are extrapolated for illustration, the mean above
ground carbon sink would be 0.89 + 0.32 MgCllya! (Baker
7.3.2.2.4  Undisturbed tropical forests: are they a carbon et al., 2004), or 0.54 + 0.19 GtC¥(Malhi and Phillips 2004)
dioxide sink? extrapolated to all Neotropical moist forest area (6.05k®).

Despite expanding areas of deforestation and degradatialfiithe uncompiled data from the African and Asian tropics (50%
there are still large areas of tropical forests that are among thé global moist tropical forest area) were to show a similar
world’s great wilderness areas, with fairly light human impactfrend, the associated tropical live biomass sink would