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waste management and biomass burning. Constraints 
from methyl chloroform observations show that there 
have been no signiÞ cant trends in hydroxyl radical (OH) 
concentrations, and hence in methane removal rates, over 
the past few decades (see Chapter 2). The recent slowdown 
in the growth rate of atmospheric methane since about 
1993 is thus likely 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 to 
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 (NOx), 
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 yr–1) is smaller than estimated in the 
TAR (770 Tg yr–1), while the photochemical production and 
destruction rates (approximately 5,000 and 4,500 Tg yr–1 
respectively) are higher than estimated in the TAR (3,400 
and 3,500 Tg yr–1). This implies greater sensitivity of ozone 
to changes in tropospheric chemistry and emissions.

• Observed increases in NOx and nitric oxide emissions, 
compared with pre-industrial estimates, are very likely 
directly linked to ‘acceleration’ of the nitrogen cycle 
driven by human activity, including increased fertilizer use, 
intensiÞ cation 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 signiÞ cant 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 biosphere, Þ res 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 inß uenced by 
stratospheric cooling and changes in the atmospheric 
circulation resulting from enhanced CO2 concentrations. 
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 

ozone depletion and therefore enhance the ozone column 
amounts.

Aerosol Particles and Climate

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

• Aerosols affect radiative ß uxes 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 efÞ ciency (indirect cloud lifetime effect), both of 
which are likely 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 W m–2 
with a 90% conÞ dence range of –0.3 to –1.8 W m–2. 
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 m–2 with a range from –0.2 to –2.3 W m–2 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 W m–2 
(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 day–1. Decreases 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 carbon Þ xation 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 fi nd 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 fl ux or by runoff . The latent heat fl ux (or equivalently water vapour fl ux) under some conditions can be determined from the 
energy balance. For a fi xed amount of net surface radiation, if the sensible heat fl ux goes up, the latent fl ux will go down by the same 
amount. Thus, if the ratio of sensible to latent heat fl ux depends only on air temperature, relative humidity and other known factors, 
the fl 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 fl 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 
fl ux but also can resist movement through its leaves, and so shift the surface energy fl uxes to a larger fraction carried by the sensible 
heat fl ux. Fluxes to the atmosphere modify atmospheric temperatures and humidity and such changes feed back to the fl 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 fl 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 
infl uences these terms through its controls on energy and water 
fl uxes, and through these fl uxes, precipitation. It also affects the 
radiative heating. Clouds and precipitation are affected through 
modifi cations of the temperature and water vapour content of 
near-surface air. How the feedbacks of land to the atmosphere 
work remains diffi cult 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 quantifi ed 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 modifi ed by these surface changes or delivery 
from the atmosphere? In particular, the treatment of carbon 
fl uxes (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 (C4MIP) simulations described in 
Section 7.3.5 are a fi rst 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 

suffi cient 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 fi rst 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, CO2 is removed from the atmosphere 
through weathering by silicate rocks and through burial in 
marine sediments of carbon fi xed 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 CO2, or indeed of CH4, 
for at least 650 kyr – six glacial-interglacial cycles. During that 
period the atmospheric CO2 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 CO2 removed from the atmosphere 
was stored in the ocean. Several causal mechanisms have been 
identifi ed that connect astronomical changes, climate, CO2 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 CO2 had 
been relatively stable between 260 and 280 ppm for 10 kyr 
(Box 6.2). Perturbations of the carbon cycle from human 
activities were insignifi cant relative to natural variability. 
Since 1750, the concentration of CO2 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 CO2 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, CO2 emissions from human activities are 
considered the single largest anthropogenic factor contributing 
to climate change (see FAQ 2.1, Figure 2). Atmospheric CH4 
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1980s 1990s 2000–2005c

TAR
TAR 

revised a TAR AR4 AR4

Atmospheric Increaseb 3.3 – 0.1 3.3 – 0.1 3.2 – 0.1 3.2 – 0.1 4.1 – 0.1

Emissions (fossil + cement)c 5.4 – 0.3 5.4 – 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 – 0.5 �2.2 – 0.4 �2.2 – 0.5

Net land-to-atmosphere � uxe �0.2 – 0.7 �0.3 – 0.9 �1.4 – 0.7 �1.0 – 0.6 �0.9 – 0.6

Partitioned as follows

   Land use change � ux 1.7 
(0.6 to 2.5)

1.4 
(0.4 to 2.3) n.a. 1.6 

(0.5 to 2.7) n.a.

   Residual terrestrial sink �1.9 
(�3.8 to �0.3)

�1.7 
(�3.4 to 0.2) n.a. �2.6 

(�4.3 to �0.9) n.a.

Table 7.1.  The global carbon budget (GtC yr–1); errors represent ±1 standard deviation uncertainty estimates and not interannual variability, which is larger. The atmospheric 
increase (� rst line) results from � uxes to and from the atmosphere: positive � uxes are inputs to the atmosphere (emissions); negative � uxes are losses from the atmosphere 
(sinks); and numbers in parentheses are ranges. Note that the total sink of anthropogenic CO2 is well constrained. 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.

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.
b Determined from atmospheric CO2 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.
c 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.
d For the 1980s, the ocean-to-atmosphere and land-to-atmosphere � uxes were estimated using atmospheric O2:N2 and CO2 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 O2:N2 
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 QuØrØ 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 QuØrØ et al. (2003). 

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

Figure 7.4. Changes in global atmospheric CO2 concentrations. (a) Annual (bars) and � ve-year mean (lower black line) changes in global CO2 concentrations, from Scripps 
Institution of Oceanography observations (mean of South Pole and Mauna Loa; Keeling and Whorf, 2005, updated). The upper stepped line shows annual increases that would 
occur if 100% of fossil fuel emissions (Marland et al., 2006, updated as described in Chapter 2) remained in the atmosphere, and the red line shows � ve-year mean annual 
increases from National Oceanic and Atmospheric Administration (NOAA) data (mean of Samoa and Mauna Loa; Tans and Conway, 2005, updated). (b) Fraction of fossil fuel 
emissions remaining in the atmosphere (‘airborne fraction’) each year (bars), and � ve-year means (solid black line) (Scripps data) (mean since 1958 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 refl ect 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 fl ux 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 fl ux of 0.7 (0.4–1.0) GtC yr–1 for 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 

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.

Table 7.2.  Land to atmosphere emissions resulting from land use changes during the 1990s and the 1980s (GtC yr–1). The Fourth Assessment Report (AR4) estimates used 
in the global carbon budget (Table 7.1) are shown in bold. Positive values indicate carbon losses from land ecosystems. Uncertainties are reported as ±1 standard deviation. 
Numbers in parentheses are ranges of uncertainty.

 
Tropical 

Americas
Tropical 
Africa

Tropical 
Asia

Pan-Tropical Non-tropics Total Globe

1990s

Houghton (2003a)a 0.8 – 0.3 0.4 – 0.2 1.1 – 0.5 2.2 – 0.6 �0.02 – 0.5 2.2 – 0.8

DeFries et al. 
(2002)b

0.5 
(0.2 to 0.7)

0.1 
(0.1 to 0.2)

0.4 
(0.2 to 0.6)

1.0 
(0.5 to 1.6) n.a. n.a.

Achard et al. 
(2004)c

0.3 
(0.3 to 0.4)

0.2 
(0.1 to 0.2)

0.4 
(0.3 to 0.5)

0.9 
(0.5 to 1.4) n.a. n.a.

AR4d 0.7 
(0.4 to 0.9)

0.3
(0.2 to 0.4)

0.8 
(0.4 to 1.1)

1.6 
(1.0 to 2.2)

�0.02 
(�0.5 to +0.5)

1.6 
(0.5 to 2.7)

1980s

Houghton (2003a)a 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. 
(2002)b

0.4
(0.2 to 0.5)

0.1
(0.08 to 0.14)

0.2
(0.1 to 0.3)

0.7
(0.4 to 1.0) n.a. n.a.

McGuire et al. 
(2001)e 0.6 to 1.2 �0.1 to +0.4 (0.6 to 1.0)

Jain and Yang 
(2005)f 0.22 to 0.24 0.08 to 0.48 0.58 to 0.34 - - 1.33 to 2.06

TARg 1.7 
(0.6 to 2.5)

AR4d 0.6
(0.3 to 0.8)

0.2 
(0.1 to 0.3)

0.6 
(0.3 to 0.9)

1.3 
(0.9 to 1.8)

0.06 
(�0.4 to +0.6)

1.4 
(0.4 to 2.3)

Notes:
a His Table 2.
b Their Table 3.
c Their Table 2 for mean estimates with the range indicated in parentheses corresponding to their reported minimum and maximum estimates. 
d 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 

regions where DeFries et al. have no estimate, Houghton has been used.
e Their Table 5; range is obtained from four terrestrial carbon models.
f The range indicated in parentheses corresponds to two simulations using the same model, but forced with different land cover change datasets from Houghton 

(2003a) and DeFries et al. (2002).
g In the TAR estimate, no values were available for the 1990s.
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7.3.2.2  Uptake of CO2 by Natural Reservoirs and Global 
Carbon Budget

7.3.2.2.1 Ocean-atmosphere ß ux 
To assess the mean ocean sink, seven methods have been 

used. The methods are based on: (1) observations of the partial 
pressure of CO2 at the ocean surface and gas-exchange estimates 
(Takahashi et al., 2002); (2) atmospheric inversions based upon 
diverse observations of atmospheric CO2 and atmospheric 
transport modelling (see Section 7.2.3.4); (3) observations of 
carbon, oxygen, nutrients and chloroß uorocarbons (CFCs) in 
seawater, from which the concentration of anthropogenic CO2 
is estimated (Sabine et al., 2004a) combined with estimates of 
oceanic transport (Gloor et al., 2003; Mikaloff Fletcher et al., 
2006); (4) estimates of the distribution of water age based on 
CFC observations combined with the atmospheric CO2 history 
(McNeil et al., 2003); (5) the simultaneous observations of 
the increase in atmospheric CO2 and decrease in atmospheric 
O2 (Manning and Keeling, 2006); (6) various methods using 
observations of change in 13C in the atmosphere (Ciais et al., 
1995) or the oceans (Gruber and Keeling, 2001; Quay et al., 
2003); and (7) ocean General Circulation Models (Orr et al., 
2001). The ocean uptake estimates obtained with methods (1) 
and (2) include in part a ß ux component due to the outgassing 
of river-supplied inorganic and organic carbon (Sarmiento and 
Sundquist, 1992). The magnitude of this necessary correction to 
obtain the oceanic uptake ß ux of anthropogenic CO2 is not well 
known, as these estimates pertain to the open ocean, whereas 
a substantial fraction of the river-induced outgassing likely 
occurs in coastal regions. These estimates of the net oceanic 
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 CO2 (see Table 7.1). The uncertainty around 
the different estimates is more difÞ cult to judge and varies 
considerably with the method. Four estimates appear better 
constrained than the others. The estimate for the ocean uptake 
of atmospheric CO2 of –2.2 ± 0.5 GtC yr–1 centred around 1998 
based on the atmospheric O2/N2 ratio needs to be corrected 
for the oceanic O2 changes (Manning and Keeling, 2006). The 
estimate of –2.0 ± 0.4 GtC yr–1 centred 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 and 
–2.2 ± 0.2 GtC yr–1 centred around 1995 and 1994 provide 
constraints based on a large number of ocean carbon observations. 
These well-constrained estimates all point to a decadal mean 
ocean CO2 sink of –2.2 ± 0.4 GtC yr–1 centred around 1996, 
where the uncertainty is the root mean square of all errors. See 
Section 5.4 for a discussion of changes in the ocean CO2 sink.

7.3.2.2.2 Land-atmosphere ß ux 
The land-atmosphere CO2 ß ux is the sum of the land 

use change CO2 ß ux (see Section 7.3.2.1) plus sources and 
sinks due for instance to legacies of prior land use, climate, 
rising CO2 or N deposition (see Section 7.3.3 for a review of 

processes). For assessing the global land-atmosphere ß ux, more 
than just direct terrestrial observations must be used, because 
observations of land ecosystem carbon ß uxes are too sparse 
and the ecosystems are too heterogeneous to allow global 
assessment of the net land ß ux with sufÞ cient accuracy. For 
instance, large-scale biomass inventories (Goodale et al., 2002; 
UN-ECE/FAO, 2000) are limited to forests with commercial 
value, and they do not adequately survey tropical forests. Direct 
ß ux observations by the eddy covariance technique are only 
available at point locations, most do not yet have long-term 
coverage and they require considerable upscaling to obtain 
global estimates (Baldocchi et al., 2001). As a result, two 
methods can be used to quantify the net global land-atmosphere 
ß ux: (1) deducing that quantity as a residual between the fossil 
fuel and cement emissions and the sum of ocean uptake and 
atmospheric increase (Table 7.1), or (2) inferring the land-
atmosphere ß ux simultaneously with the ocean sink by inverse 
analysis or mass balance computations using atmospheric CO2 
data, with terrestrial and marine processes distinguished using 
O2/N2 and/or 13C observations. Individual estimates of the land-
atmosphere ß ux deduced using either method 1 or method 2 

Figure 7.6.  Individual estimates of the ocean-atmosphere � ux reported in Chapter 
5 and of the related land-atmosphere � ux required to close the global carbon bud-
get. The dark thick lines are the revised budget estimates in the AR4 for the 1980s, 
the 1990s and the early 2000s, respectively. 
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are shown in Figure 7.6. Method 2 was used in the TAR, based 
upon O2/N2 data (Langenfelds et al., 1999; Battle et al., 2000). 
Corrections have been made to the results of method 2 to 
account for the effects of thermal O2 ß uxes by the ocean (Le 
Quéré et al., 2003). This chapter includes these corrections to 
update the 1980s budget, resulting in a land net ß ux of –0.3 ± 
0.9 GtC yr–1 during the 1980s. For the 1990s and after, method 
1 was adopted for assessing the ocean sink and the land-
atmosphere ß ux. Unlike in the TAR, method 1 is preferred for 
the 1990s and thereafter (i.e., estimating Þ rst the ocean uptake, 
and then deducing the land net ß ux) because the ocean uptake 
is now more robustly determined by various oceanographic 
approaches (see 7.3.2.2.1) than by the atmospheric O2 trends. 
The numbers are reported in Table 7.1. The land-atmosphere 
ß ux evolved from a small sink in the 1980s of –0.3 ± 0.9 
GtC yr–1 to a large sink during the 1990s of –1.0 ± 0.6 GtC yr–1, 
and returned to an intermediate value of –0.9 ± 0.6 GtC yr–1 over 
the past Þ ve years. A recent weakening of the land-atmosphere 
uptake has also been suggested by other independent studies of 
the ß ux variability over the past decades (Jones and Cox, 2005). 
The global CO2 budget is summarised in Table 7.1.

7.3.2.2.3 Residual land sink 
In the context of land use change, deforestation dominates 

over forest regrowth (see Section 7.3.2.1), and the observed net 
uptake of CO2 by the land biosphere implies that there must 
be an uptake by terrestrial ecosystems elsewhere, called the 
‘residual land sink’ (formerly the ‘missing sink’). Estimates 
of the residual land sink necessarily depend on the land use 
change ß ux, and its uncertainty reß ects predominantly the 
(large) errors associated with the land use change term. With 
the high land use source of Houghton (2003a), the residual 
land sink equals –2.3 (–4.0 to –0.3) and –3.2 (–4.5 to –1.9) 
GtC yr–1 respectively for the 1980s and the 1990s. With the 
smaller land use source of DeFries et al. (2002), the residual 
land sink is –0.9 (–2.0 to –0.3) and –1.9 (–2.9 to –1.0) GtC yr–1 
for the 1980s and the 1990s. Using the mean value of the land 
use source from Houghton (2003a) and DeFries et al. (2002) as 
reported in Table 7.2, a mean residual land sink of –1.7 (–3.4 to 
0.2) and –2.6 (–4.3 to –0.9) GtC yr–1 for the 1980s and 1990s 
respectively is obtained. Houghton (2003a) and DeFries et al. 
(2002) give different estimates of the land use source, but they 
robustly indicate that deforestation emissions were 0.2 to 0.3 
GtC yr–1 higher in the 1990s than in the 1980s (see Table 7.2). 
To compensate for that increase and to match the larger land-
atmosphere uptake during the 1990s, the inferred residual land 
sink must have increased by 1 GtC yr–1 between the 1980s and 
the 1990s. This Þ nding is insensitive to the method used to 
determine the land use ß ux, and shows considerable decadal 
variability in the residual land sink. 

7.3.2.2.4 Undisturbed tropical forests: are they a carbon 
dioxide sink? 

Despite expanding areas of deforestation and degradation, 
there are still large areas of tropical forests that are among the 
world’s great wilderness areas, with fairly light human impact, 

especially in Amazonia. A major uncertainty in the carbon budget 
relates to possible net change in the carbon stocks in these forests. 
Old growth tropical forests contain huge stores of organic matter, 
and are very dynamic, accounting for a major fraction of global 
net primary productivity (and about 46% of global biomass; 
Brown and Lugo, 1982). Changes in the carbon balance of these 
regions could have signiÞ cant effects on global CO2.

Recent studies of the carbon balance of study plots in 
mature, undisturbed tropical forests (Phillips et al., 1998; 
Baker et al., 2004) report accumulation of carbon at a mean 
rate of 0.7 ± 0.2 MgC ha–1 yr–1, implying net carbon uptake 
into global Neotropical biomass of 0.6 ± 0.3 GtC yr–1. An 
intriguing possibility is that rising CO2 levels could stimulate 
this uptake by accelerating photosynthesis, with ecosystem 
respiration lagging behind. Atmospheric CO2 concentration has 
increased by about 1.5 ppm (0.4%) yr–1, suggesting incremental 
stimulation of photosynthesis of about 0.25% (e.g., next year’s 
photosynthesis should be 1.0025 times this year’s) (Lin et 
al., 1999; Farquhar et al., 2001). For a mean turnover rate of 
about 10 years for organic matter in tropical forests, the present 
imbalance between uptake of CO2 and respiration might be 
2.5% (1.002510), consistent with the reported rates of live 
biomass increase (~3%).

But the recent pan-tropical warming, about 0.26°C per 
decade (Malhi and Wright, 2004), could increase water stress 
and respiration, and stimulation by CO2 might be limited by 
nutrients (Chambers and Silver, 2004; Koerner, 2004; Lewis 
et al., 2005; see below), architectural constraints on how much 
biomass a forest can hold, light competition, or ecological shifts 
favouring short lived trees or agents of disturbance (insects, 
lianas) (Koerner, 2004). Indeed, Baker et al. (2004) note higher 
mortality rates and increased prevalence of lianas, and, since dead 
organic pools were not measured, effects of increased disturbance 
may give the opposite sign of the imbalance inferred from live 
biomass only (see, e.g., Rice et al., 2004). Methodological 
bias associated with small plots, which under-sample natural 
disturbance and recovery, might also lead to erroneous inference 
of net growth (Koerner, 2004). Indeed, studies involving large-
area plots (9–50 ha) have indicated either no net long-term 
change or a long-term net decline in above ground live biomass 
(Chave et al., 2003; Baker et al., 2004; Clark, 2004; Laurance et 
al., 2004), and a Þ ve-year study of a 20 ha plot in Tapajos, Brazil 
show increasing live biomass offset by decaying necromass 
(Fearnside, 2000; Saleska et al., 2003). 

Koerner (2004) argues that accurate assessment of trends in 
forest carbon balance requires long-term monitoring of many 
replicate plots or very large plots; lacking these studies, the 
net carbon balance of undisturbed tropical forests cannot be 
authoritatively assessed based on in situ studies. If the results 
from the plots are extrapolated for illustration, the mean above 
ground carbon sink would be 0.89 ± 0.32 MgC ha–1 yr–1 (Baker 
et al., 2004), or 0.54 ± 0.19 GtC yr–1 (Malhi and Phillips 2004) 
extrapolated to all Neotropical moist forest area (6.0 × 106 km2). 
If the uncompiled data from the African and Asian tropics (50% 
of global moist tropical forest area) were to show a similar 
trend, the associated tropical live biomass sink would be about 
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7.3.2.4.4 Speed-up in carbon dioxide growth rates during 
the late 1990s

The high CO2 growth in 1998 coincided with a global 
increase in CO concentrations attributable to wildfi res 
(Yurganov et al., 2005) in Southeast Asia (60%), South America 
(30%) and Siberia (van der Werf et al., 2004). Langenfelds et al. 
(2002) analyse the correlations in the interannual growth rate 
of CO2 and other species at 10 stations and link the 1997 to 
1998 (and the 1994 to 1995) anomalies to high fi re emissions 
as a single process. Achard et al. (2004) estimate a source of 
0.88 ± 0.07 GtC emitted from the burning of 2.4 × 106 ha of 
peatland in the Indonesian forest fi res in 1997 to 1998, and Page 
et al. (2002) estimate a source of +0.8 to +2.6 GtC. During the 
1997 to 1998 high CO2 growth rate episode, inversions place 
an abnormal source over tropical Southeast Asia, in good 
agreement with such bottom-up evidence. The relationship 
between El Niño and CO2 emissions from fi res is not uniform: 
fi re emissions from low productivity ecosystems in Africa and 
northern Australia are limited by fuel load density and thus 
decrease during drier periods, in contrast to the response in 
tropical forests (Barbosa et al., 1999; Randerson et al., 2005). 
In addition, co-varying processes such as reduced productivity 
caused by drought in tropical forests during El Niño episodes 
may be superimposed on fi re emissions. From 1998 to 2003, 
extensive drought in mid-latitudes of the NH (Hoerling and 
Kumar, 2003), accompanied by more wildfi res in some regions 
(Balzter et al., 2005; Yurganov et al., 2005) may have led to 
decreased photosynthesis and carbon uptake (Angert et al., 
2005; Ciais et al., 2005b), helping to increase the atmospheric 
CO2 growth rate.

7.3.3 Terrestrial Carbon Cycle Processes and 
Feedbacks to Climate 

The net exchange of carbon between the terrestrial biosphere 
and the atmosphere is the difference between carbon uptake by 
photosynthesis and release by plant respiration, soil respiration 
and disturbance processes (fi re, windthrow, insect attack and 
herbivory in unmanaged systems, together with deforestation, 
afforestation, land management and harvest in managed 
systems). Over at least the last 30 years, the net result of all these 
processes has been uptake of atmospheric CO2 by terrestrial 
ecosystems (Table 7.1, ‘land-atmosphere fl ux’ row). It is critical 
to understand the reasons for this uptake and its likely future 
course. Will uptake by the terrestrial biosphere grow or diminish 
with time, or even reverse so that the terrestrial biosphere 
becomes a net source of CO2 to the atmosphere? To answer this 
question it is necessary to understand the underlying processes 
and their dependence on the key drivers of climate, atmospheric 
composition and human land management. 

Drivers that affect the carbon cycle in terrestrial 
ecosystems can be classifi ed as (1) direct climate effects 
(changes in precipitation, temperature and radiation regime); 
(2) atmospheric composition effects (CO2 fertilization, nutrient 
deposition, damage by pollution); and (3) land use change 
effects (deforestation, afforestation, agricultural practices, and 

their legacies over time). This section fi rst summarises current 
knowledge of the processes by which each of these drivers 
infl uence the terrestrial carbon balance, and then examines 
knowledge of the integrative consequences of all these processes 
in the key case of tropical forests.

7.3.3.1 Processes Driven by Climate, Atmospheric 
Composition and Land Use Change

7.3.3.1.1 Climatic regulation of terrestrial carbon exchange
Ecosystem responses to environmental drivers (sunlight, 

temperature, soil moisture) and to ecological factors (e.g., forest 
age, nutrient supply, organic substrate availability; see, e.g., 
Clark, 2002; Ciais et al., 2005b; Dunn et al., 2007) are complex. 
For example, elevated temperature and higher soil water content 
enhance rates for heterotrophic respiration in well-aerated soils, 
but depress these rates in wet soils. Soil warming experiments 
typically show marked soil respiration increases at elevated 
temperature (Oechel et al., 2000; Rustad et al., 2001; Melillo 
et al., 2002), but CO2 fl uxes return to initial levels in a few 
years as pools of organic substrate re-equilibrate with inputs 
(Knorr et al., 2005). However, in dry soils, decomposition may 
be limited by moisture and not respond to temperature (Luo et 
al., 2001). Carbon cycle simulations need to capture both the 
short- and long-term responses to changing climate to predict 
carbon cycle responses.

Current models of terrestrial carbon balance have diffi culty 
simulating measured carbon fl uxes over the full range of temporal 
and spatial scales, including instantaneous carbon exchanges at 
the leaf, plot or ecosystem level, seasonal and annual carbon 
fl uxes at the stand level and decadal to centennial accumulation 
of biomass and organic matter at stand or regional scales (Melillo 
et al., 1995; Thornton et al., 2002). Moreover, projections of 
changes in land carbon storage are tied not only to ecosystem 
responses to climate change, but also to the modelled projections 
of climate change itself. As there are strong feedbacks between 
these components of the Earth system (see Section 7.3.5), future 
projections must be considered cautiously. 

7.3.3.1.2 Effects of elevated carbon dioxide 
On physiological grounds, almost all models predict 

stimulation of carbon assimilation and sequestration in response 
to rising CO2, called ‘CO2 fertilization’ (Cramer et al., 2001; 
Oren et al., 2001; Luo et al., 2004; DeLucia et al., 2005). Free Air 
CO2 Enrichment (FACE) and chamber studies have been used 
to examine the response of ecosystems to large (usually about 
50%) step increases in CO2 concentration. The results have been 
variable (e.g., Oren et al., 2001; Nowak et al., 2004; Norby et 
al., 2005). On average, net CO2 uptake has been stimulated, 
but not as much as predicted by some models. Other factors 
(e.g., nutrients or genetic limitations on growth) can limit plant 
growth and reduce response to CO2. Eleven FACE experiments, 
encompassing bogs, grasslands, desert and young temperate 
tree stands report an average increased net primary productivity 
(NPP) of 12% when compared to ambient CO2 levels (Nowak 
et al., 2004). There is a large range of responses, with woody 
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Figure 7.16. (a) Changes in the emissions of fuel combustion NOx and atmo-
spheric N2O mixing ratios since 1750. Mixing ratios of N2O provide the atmospheric 
measurement constraint on global changes in the N cycle. (b) Changes in the indices 
of the global agricultural N cycle since 1850: the production of manure, fertilizer 
and estimates of crop N � xation. For data sources see http://www-eosdis.ornl.gov/ 
(Holland et al., 2005b) and http://www.cmdl.noaa.gov/. Figure adapted from Holland 
et al. (2005c).

vary more regionally and temporally than concentrations 
of N2O. Total global NOx emissions have increased from an 
estimated pre-industrial value of 12 TgN yr–1 (Holland et al., 
1999; Galloway et al., 2004) to between 42 and 47 TgN yr–1 
in 2000 (Table 7.7). Lamarque et al. (2005a) forecast them to 
be 105 to 131 TgN yr–1 by 2100. The range of surface NOx 
emissions (excluding lightning and aircraft) used in the current 
generation of global models is 33 to 45 TgN yr–1 with small 
ranges for individual sources. The agreement refl ects the use 

of similar inventories and parametrizations. Current estimates 
of NOx emissions from fossil fuel combustion are smaller than 
in the TAR. 

Since the TAR, estimates of tropospheric NO2 columns from 
space by the Global Ozone Monitoring Experiment (GOME, 
launched in 1995) and the SCanning Imaging Absorption 
SpectroMeter for Atmospheric CHartographY (SCIAMACHY, 
launched in 2002) (Richter and Burrows, 2002; Heue et al., 
2005) provide constraints on estimates of NOx emissions 
(Leue et al., 2001). Martin et al. (2003a) use GOME data to 
estimate a global surface source of NOx of 38 TgN yr–1 for 1996 
to 1997 with an uncertainty factor of 1.6. Jaeglé et al. (2005) 
partition the surface NOx source inferred from GOME into 25.6 
TgN yr–1 from fuels, 5.9 TgN yr–1 from biomass burning and 
8.9 TgN yr–1 from soils. Interactions between soil emissions 
and scavenging by plant canopies have a signifi cant impact 
on soil NOx emissions to the free troposphere: the impact 
may be greatest in subtropical and tropical regions where 
emissions from fuel combustion are rising (Ganzeveld et al., 
2002). Boersma et al. (2005) fi nd that GOME data constrain 
the global lightning NOx source for 1997 to the range 1.1 to 6.4 
TgN yr–1. Comparison of the tropospheric NO2 column of three 
state-of-the-art retrievals from GOME for the year 2000 with 
model results from 17 global atmospheric chemistry models 
highlights signifi cant differences among the various models 
and among the three GOME retrievals (Figure 7.17, van Noije 
et al., 2006). The discrepancies among the retrievals (10 to 
50% in the annual mean over polluted regions) indicate that 
the previously estimated retrieval uncertainties have a large 
systematic component. Top-down estimates of NOx emissions 
from satellite retrievals of tropospheric NO2 are strongly 
dependent on the choice of model and retrieval.

Knowledge of the spatial distribution of NOx emissions 
has evolved signifi cantly since the TAR. An Asian increase in 
emissions has been compensated by a European decrease over 
the past decade (Naja et al., 2003). Richter et al. (2005; see 
also Irie et al., 2005) use trends for 1996 to 2004 observed by 
GOME and SCIAMACHY to deduce a 50% increase in NOx 
emissions over industrial areas of China. Observations of 
NO2 in shipping lanes from GOME (Beirle et al., 2004) and 
SCIAMACHY (Richter et al., 2004) give values at the low end 
of emission inventories. Data from GOME and SCIAMACHY 
further reveal large pulses of soil NOx emissions associated 
with rain (Jaeglé et al., 2004) and fertilizer application (Bertram 
et al., 2005). 

All indices show an increase since pre-industrial times in the 
intensity of agricultural nitrogen cycling, the primary source 
of NH3 emissions (Figure 7.16b and Table 7.7; Bouwman et 
al., 2002). Total global NH3 emissions have increased from an 
estimated pre-industrial value of 11 TgN yr–1 to 54 TgN yr–1 
for 2000 (Holland et al., 1999; Galloway et al., 2004), and are 
projected to increase to 116 TgN yr–1 by 2050. 

The primary sink for NHx and NOx and their reaction 
products is wet and dry deposition. Estimates of the removal 
rates of both NHx and NOx are provided by measurements of 
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a global Chemical Transport Model (CTM) reduced ozone 
production rates by 6% globally, with larger effects over aerosol 
source regions.

Although the current generation of tropospheric ozone 
models is generally successful in describing the principal 
features of the present-day global ozone distribution, there is 
much less confi dence in the ability to reproduce the changes 
in ozone associated with perturbations of emissions or climate. 
There are major discrepancies with observed long-term trends 
in ozone concentrations over the 20th century (Hauglustaine 
and Brasseur, 2001; Mickley et al., 2001; Shindell and Favulegi, 
2002; Shindell et al., 2003; Lamarque et al., 2005c), including 
after 1970 when the reliability of observed ozone trends is high 
(Fusco and Logan, 2003). Resolving these discrepancies is 
needed to establish confi dence in the models. 

7.4.4.2 Effects of Climate Change

Climate change can affect tropospheric ozone by modifying 
emissions of precursors, chemistry, transport and removal 
(European Commission, 2003). These and other effects are 
discussed below. They could represent positive or negative 
feedbacks to climate change.

7.4.4.2.1 Effects on emissions
Climate change affects the sources of ozone precursors 

through physical response (lightning), biological response 
(soils, vegetation, biomass burning) and human response 
(energy generation, land use, agriculture). It is generally 
expected that lightning will increase in a warmer climate (Price 
and Rind, 1994a; Brasseur et al., 2005; Hauglustaine et al., 
2005), although a GCM study by Stevenson et al. (2006) for the 
2030 climate fi nds no global increase but instead a shift from 
the tropics to mid-latitudes. Perturbations to lightning could 
have a large effect on ozone in the upper troposphere (Toumi 
et al., 1996; Thompson et al., 2000; Martin et al., 2002; Wong 
et al., 2004). Mickley et al. (2001) fi nd that observed long-term 
trends in ozone over the past century might be explainable by 
an increase in lightning. 

Biomass burning in the tropics and at high latitudes is likely 
to increase with climate change, both as a result of increased 
lightning and as a result of increasing temperatures and dryness 
(Price and Rind, 1994b; Stocks et al., 1998; A. Williams et 
al., 2001; Brown et al., 2004). Biomass burning is known to 
make a large contribution to the budget of ozone in the tropical 
troposphere (Thompson et al., 1996), and there is evidence 
that boreal forest fi res can enhance ozone throughout the 
extratropical NH (Jaffe et al., 2004). With climate warming, it is 
likely that boreal fi res will increase due to a shorter duration of 
the seasonal snowpack and decreased soil moisture (Kasischke 
et al., 1995).

Biogenic VOC emissions may be highly sensitive to climate 
change. The most important global ozone precursors are CH4 
and isoprene. The effect of climate change on CH4 is discussed 
in Section 7.4.1. The effect on NMVOCs was examined by 
Constable et al. (1999), Sanderson et al. (2003b), and Lathière 

et al. (2005). Although biogenic NMVOC emissions increase 
with increasing temperature, all three studies concur that 
climate-driven changes in vegetation types unfavourable to 
isoprene emissions (notably the recession of tropical forests) 
would partly compensate for the effect of warming in terms of 
ozone generation.

7.4.4.2.2 Effects on chemistry
Changes in temperature, humidity and UV radiation 

intensity brought about by climate change could affect ozone 
signifi cantly. Simulations with GCMs by Stevenson et al. 
(2000) and Grewe et al. (2001) for the 21st century indicate 
a decrease in the lifetime of tropospheric ozone as increasing 
water vapour enhances the dominant ozone sink from the 
oxygen radical in the 1D excited state (O(1D)) plus water 
(H2O) reaction. Stevenson et al. (2006) fi nd similar results in an 
intercomparison of nine models for 2030 compared with 2000 
climate. However, regional ozone pollution may increase in the 
future climate as a result of higher temperatures (see Section 
7.6, Box 7.4).

 
7.4.4.2.3 Effects on transport

Changes in atmospheric circulation could have a major effect 
on tropospheric ozone. Studies using GCMs concur that STE 
should increase in the future climate because of the stronger 
Brewer-Dobson stratospheric circulation (Sudo et al., 2002a; 
Collins et al., 2003; Zeng and Pyle, 2003; Hauglustaine et al., 
2005; Stevenson et al., 2005). Changes in vertical transport 
within the troposphere are also important, in view of the 
rapid increase in both ozone production effi ciency and ozone 
lifetime with altitude. Convection is expected to intensify as 
climate warms (Rind et al., 2001), although this might not be 
the case in the tropics (Stevenson et al., 2005). The implications 
are complex, as recently discussed by Pickering et al. (2001), 
Lawrence et al. (2003), Olivié et al. (2004), Doherty et al. 
(2005) and Li et al. (2005). On the one hand, convection brings 
down ozone-rich air from the upper troposphere to the lower 
troposphere where it is rapidly destroyed, and replaces it with 
low-ozone air. On the other hand, injection of NOx to the upper 
troposphere greatly increases its ozone production effi ciency. 

7.4.5 The Hydroxyl Radical 

The hydroxyl radical (OH) is the primary cleansing agent 
of the lower atmosphere, providing the dominant sink for 
many greenhouse gases (e.g., CH4, hydrochlorofl uorocarbons 
(HCFCs), hydrofl uorocarbons) and pollutants (e.g., CO, non-
methane hydrocarbons). Steady-state lifetimes of these trace 
gases are determined by the morphology of their atmospheric 
distribution, the kinetics of their reaction with OH and 
the OH distribution. Local abundance of OH is controlled 
mainly by local abundances of NOx, CO, CH4 and higher 
hydrocarbons, ozone, water vapour, as well as the intensity of 
solar UV radiation at wavelengths shorter than 0.310 �—m. New 
laboratory and fi eld work also shows signifi cant formation of 
O(1D) from ozone photolysis in the wavelength range between 
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(2005) remains relatively constant (within a few percent) over 
the 21st century. In their transient simulation over the period 
1990 to 2100, Johnson et al. (2001) fi nd a dominant effect of 
climate change on OH in the free troposphere so that the global 
CH4 lifetime declines from about 9 years in 1990 to about 8.3 
years by 2025 but does not change signifi cantly thereafter. 
Hence the evolution of the CH4 lifetime depends on the 
relative timing of NOx and hydrocarbon emission changes in 
the emission scenarios, causing the calculated CH4 increase in 
2100 to be reduced by 27% when climate change is considered. 
Stevenson et al. (2006) reach a similar conclusion about the 
relatively constant CH4 lifetime. As a result of future changes 
in emissions, the CH4 steady-state lifetime simulated by 25 
state-of-the-art CTMs increases by 2.7 ± 2.3% in 2030 from an 
ensemble mean of 8.7 ± 1.3 years for the present day (mean ± 
1 standard deviation) for a current legislation scenario of future 
emissions of ozone precursors. Under the 2030 warmer climate 
scenario, the lifetime is reduced by 4.0 ± 1.8%: the total effect 
of both emission and climate changes reduces the CH4 lifetime 
by only 1.3%.

7.4.6 Stratospheric Ozone and Climate

From about 1980 to the mid-1990s a negative trend in 
globally averaged total ozone occurred, due primarily to an 
increase in Cl and bromine loading (Montzka et al., 1999). A 
reduction in halogen loading appears to have occurred recently 
(Montzka et al., 2003) as well as the beginning of ozone 
recovery (e.g., Newchurch et al., 2003; Huck et al., 2005; 
Reinsel et al., 2005; Yang et al., 2005). Evidence suggests that a 
sustainable recovery of ozone is not expected before the end of 
the current decade (e.g., Steinbrecht et al., 2004; Dameris et al., 
2006). Atmospheric concentrations of LLGHGs have increased 
(see Chapter 2) and are expected to continue to increase, 
with consequences for the ozone layer. This section assesses 
current understanding of interactions and feedbacks between 
stratospheric ozone and climate. More detailed discussions can 
be found in recent reports (European Commission, 2003; IPCC/
TEAP, 2005). 

7.4.6.1 Interactions

Stratospheric ozone is affected by climate change through 
changes in dynamics and in the chemical composition of the 
troposphere and stratosphere. An increase in the concentrations 
of LLGHGs, especially CO2, cools the stratosphere, allowing 
the possibility of more PSCs, and alters the ozone distribution 
(Rosenlof et al., 2001; Rosenfi eld et al., 2002; Randel et al., 
2004, 2006; Fueglistaler and Haynes, 2005). With the possible 
exception of the polar lower stratosphere, a decrease in 
temperature reduces ozone depletion leading to higher ozone 
column amounts and a positive correction to the LLGHG-
induced radiative cooling of the stratosphere. Moreover, ozone 
itself is a greenhouse gas and absorbs UV radiation in the 
stratosphere. Absorption of UV radiation provides the heating 
responsible for the observed temperature increase with height 

above the tropopause. Changes in stratospheric temperatures, 
induced by changes in ozone or LLGHG concentration, alter 
the Brewer-Dobson circulation (Butchart and Scaife, 2001; 
Butchart et al., 2006), controlling the rate at which long-lived 
molecules, such as LLGHGs, CFCs, HCFCs and halogens 
are transported from the troposphere to various levels in the 
stratosphere. Furthermore, increases in the Brewer-Dobson 
circulation increase temperatures adiabatically in the polar 
regions and decrease temperatures adiabatically in the tropics.

Climate is affected by changes in stratospheric ozone, 
which radiates infrared radiation down to the troposphere. For 
a given percentage change in the vertical structure of ozone, 
the largest dependence of the radiative forcing is in the upper 
troposphere and ozone layer regions (e.g., TAR, Figure 6.1). 
Past ozone depletion has induced surface cooling (Chapter 2). 
The observed decrease in stratospheric ozone and the resultant 
increase in UV irradiance (e.g., Zerefos et al., 1998; McKenzie 
et al., 1999) have affected the biosphere and biogenic emissions 
(Larsen, 2005). Such UV radiation increases lead to an enhanced 
OH production, reducing the lifetime of CH4 and infl uencing 
tropospheric ozone, both important greenhouse gases (European 
Commission, 2003). In addition to global mean equilibrium 
surface temperature changes, local surface temperature changes 
have been identifi ed by Gillett and Thompson (2003) as a result 
of ozone loss from the lower stratosphere. Observational (e.g., 
Baldwin and Dunkerton, 1999, 2001; Thompson et al., 2005) 
and modelling (Polvani and Kushner, 2002; Norton, 2003; 
Song and Robinson, 2004; Thompson et al., 2005) evidence 
exists for month-to-month changes to the stratospheric fl ow 
feedback to the troposphere, affecting its circulation. Model 
results show that trends in the SH stratosphere can affect high-
latitude surface climate (Gillett and Thompson, 2003).

7.4.6.2 Past Changes in Stratospheric Ozone

Ozone losses have been largest in the polar lower stratosphere 
during later winter and spring. For example, the ozone hole 
over Antarctica has occurred every spring since the early 1980s 
(Fioletov et al., 2002). Antarctic ozone destruction is driven by 
climatologically low temperatures combined with high Cl and 
bromine amounts produced from photochemical breakdown 
of primarily anthropogenic CFCs and halons. Similar losses, 
smaller in magnitude, have occurred over the Arctic due to 
the same processes during cold winters. During warm winters, 
arctic ozone has been relatively unaffected (Tilmes et al., 
2004). The antarctic lower stratosphere is nearly always cold 
enough to produce substantial ozone loss, but in the year 2002, 
a sudden stratospheric warming split the early ozone hole into 
two separate regions (e.g., Simmons et al., 2005). Temperatures 
were subsequently too high to produce further ozone loss. 
Following the later merging of the two separate regions back 
into a single vortex, the dynamical conditions were unsuitable 
for further ozone loss. This is not an indication of recovery in 
ozone amounts, but rather the result of a dynamical disturbance 
(e.g., Newman et al., 2004). A summary of recent stratospheric 
ozone changes is given in Chapter 2. 
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7.4.6.4  Uncertainties Due to Atmospheric Dynamics

Changes in atmospheric dynamics could affect ozone. 
For example, sub-grid scale processes such as gravity wave 
propagation (e.g., Warner and McIntyre, 2001), prescribed 
for past and present conditions, may change in the future. 
Tropospheric climate changes will also alter planetary-scale 
waves. Together with changes in orographic gravity waves, these 
waves give rise to the increase in the Brewer-Dobson circulation 
seen in most models (Butchart et al., 2006). The magnitude of 
this effect varies from model to model and leads to increased 
adiabatic heating of the polar regions, compensating in part the 
increased radiative cooling from CO2 increases. Hence, the net 
heating or cooling is subject to large uncertainty, and available 
model simulations do not give a consistent picture of future 
development of ozone, particularly in the Arctic (Figure 7.18). 

7.5  Aerosol Particles and the Climate 
System

Aerosols are an integral part of the atmospheric hydrological 
cycle and the atmosphere’s radiation budget, with many possible 
feedback mechanisms that are not yet fully understood. This 
section assesses (1) the impact of meteorological (climatic) 
factors like wind, temperature and precipitation on the natural 
aerosol burden and (2) possible effects of aerosols on climate 
parameters and biogeochemistry. The most easily understood 
interaction between aerosols and climate is the direct effect 
(scattering and absorption of shortwave and thermal radiation), 
which is discussed in detail in Chapter 2. Interactions with the 
hydrological cycle, and additional impacts on the radiation 
budget, occur through the role of aerosols in cloud microphysical 
processes, as aerosol particles act as cloud condensation nuclei 
(CCN) and ice nuclei (IN). The suite of possible impacts of 
aerosols through the modifi cation of cloud properties is called 
‘indirect effects’. The forcing aspect of the indirect effect at 
the top of the atmosphere is discussed in Chapter 2, while the 
processes that involve feedbacks or interactions, like the ‘cloud 
lifetime effect’6, the ‘semi-direct effect’ and aerosol impacts on 
the large-scale circulation, convection, the biosphere through 
nutrient supply and the carbon cycle, are discussed here.

7.5.1 Aerosol Emissions and Burdens Affected by 
Climatic Factors

Most natural aerosol sources are controlled by climatic 
parameters like wind, moisture and temperature. Hence, human-
induced climate change is also expected to affect the natural 
aerosol burden. The sections below give a systematic overview 
of the major natural aerosol sources and their relations to 
climate parameters while anthropogenic aerosol emissions and 
combined aerosols are the subject of Chapter 2. 

7.5.1.1 Dust

Estimates of the global source strength of bulk dust aerosols 
with diameters below 10 �—m of between 1,000 and 3,000 
Tg yr–1 agree well with a wide range of observations (Duce, 
1995; Textor et al., 2005; Cakmur et al., 2006). Seven to twenty 
percent of the dust emissions are less than 1 �—m in diameter 
(Cakmur et al., 2006; Schulz et al., 1998). Zhang et al. (1997) 
estimated that about 800 Tg yr–1 of Asian dust emissions are 
injected into the atmosphere annually, about 30% of which is re-
deposited onto the deserts and 20% is transported over regional 
scales, while the remaining approximately 50% is subject to 
long-range transport to the Pacifi c Ocean and beyond. Asian dust 
appears to be a continuous source that dominates background 
dust aerosol concentrations on the west coast of the USA (Duce, 
1995; Perry et al., 2004). Uncertainties in the estimates of global 
dust emissions are greater than a factor of two (Zender et al., 
2004) due to problems in validating and modelling the global 
emissions. The representation of the high wind tail of the wind 
speed distribution alone, responsible for most of the dust fl ux, 
leads to differences in emissions of more then 30% (Timmreck 
and Schulz, 2004). Observations suggest that annual mean 
African dust may have varied by a factor of four during 1960 
to 2000 (Prospero and Lamb, 2003), possibly due to rainfall 
variability in the Sahel zone. Likewise, simulations of dust 
emissions in 2100 are highly uncertain, ranging from a 60% 
decrease to a factor of 3.8 increase as compared to present-day 
dust emissions (Mahowald and Luo, 2003; Tegen et al., 2004; 
Woodward et al., 2005; Stier et al., 2006a). Reasons for these 
discrepancies include different treatments of climate-biosphere 
interactions and the climate model used to drive the vegetation 
and dust models. The potentially large impact of climate change 
on dust emissions shows up in particular when comparing 
present-day with LGM conditions for dust erosion (e.g., Werner 
et al., 2002).

The radiative effect of dust, which, for example, could 
intensify the African Easterly Waves, may be a feedback 
mechanism between climate and dust (Jones et al., 2004). It 
also alters the atmospheric circulation, which feeds back to 
dust emission from natural sources (see Section 7.5.4). Perlwitz 
et al. (2001) estimate that this feedback reduces the global 
dust load by roughly 15%, as dust radiative forcing reduces 
the downward mixing of momentum within the planetary 
boundary layer, the surface wind speed, and thus dust emission 
(Miller et al., 2004a). In addition to natural dust production, 
human activities have created another potential source for 
dust mobilisation through desertifi cation. The contribution 
to global dust emission of desertifi cation through human 
activities is uncertain: estimates vary from 50% (Tegen et al., 
1996; Mahowald et al., 2004) to less than 10% (Tegen et al., 
2004) to insignifi cant values (Ginoux et al., 2001; Prospero et 
al., 2002). A 43-year estimate of Asian dust emissions reveals 
that meteorology and climate have a greater infl uence on Asian 

6 The processes involved are more complex than can be encompassed in a single expression. The term �cloud lifetime effect� thus should be understood to mean that aerosols can 
change precipitation ef� ciency in addition to increasing cloud albedo.
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Global biogenic VOC emissions respond to climate change 
(e.g., Turner et al., 1991; Adams et al., 2001; Penner et al., 
2001; Sanderson et al., 2003b). These model studies predict 
that solar radiation and climate-induced vegetation change can 
affect emissions, but they do not agree on the sign of the change. 
Emissions are predicted to increase by 10% per °C (Guenther et 
al., 1993). There is evidence of physiological adaptation to higher 
temperatures that would lead to a greater response for long-
term temperature changes (Guenther et al., 1999). The response 
of biogenic secondary organic carbon aerosol production to a 
temperature change, however, could be considerably lower than 
the response of biogenic VOC emissions since aerosol yields can 
decrease with increasing temperature. A potentially important 
feedback among forest ecosystems, greenhouse gases, aerosols 
and climate exists through increased photosynthesis and forest 
growth due to increasing temperatures and CO2 fertilization 
(Kulmala et al., 2004). Increased forest biomass would increase 
VOC emissions and thereby organic aerosol production. This 
couples the climate effect of CO2 with that of aerosols.

New evidence shows that the ocean also acts as a source 
of organic matter from biogenic origin (O’Dowd et al., 2004; 
Leck and Bigg, 2005b). O’Dowd et al. (2004) show that during 
phytoplankton blooms (summer conditions), the organic 
aerosols can constitute up to 63% of the total aerosol. Surface-
active organic matter of biogenic origin (such as lipidic and 
proteinaceous material and humic substances), enriched in the 
oceanic surface layer and transferred to the atmosphere by bubble-
bursting processes, are the most likely candidates to contribute 
to the observed organic fraction in marine aerosol. Insoluble 
heat-resistant organic sub-micrometre particles (peaking at 40 to 
50 nm in diameter), mostly combined into chains or aggregated 
balls of ‘marine microcolloids’ linked by an amorphous electron-
transparent material with properties entirely consistent with 
exopolymer secretions (Decho, 1990; Verdugo et al., 2004), are 
found in near-surface water of lower-latitude oceans (Benner 
et al., 1992; Wells and Goldberg, 1994), in leads between ice 
ß oes (Bigg et al., 2004), above the arctic pack ice (Leck and 
Bigg, 2005a) and over lower-latitude oceans (Leck and Bigg, 
2005b). This aerosol formation pathway may constitute an ice 
(microorganisms)-ocean-aerosol-cloud feedback.

7.5.1.4 Aerosols from Dimethyl Sulphide

Dimethyl sulphide produced by phytoplankton is the most 
abundant form in which the ocean releases gaseous sulphur. 
Sea-air ß uxes of DMS vary by orders of magnitude depending 
mainly on DMS sea surface concentration and on wind speed. 
Estimates of the global DMS ß ux vary widely depending 
mainly on the DMS sea surface climatology utilised, sea-air 
exchange parametrization and wind speed data, and range from 
16 to 54 Tg yr–1 of sulphur (see Kettle and Andreae, 2000 for 
a review). According to model studies (Gondwe et al., 2003; 
Kloster et al., 2006), 18 to 27% of the DMS is converted into 
sulphate aerosols. Penner et al. (2001) show a small increase 
in DMS emissions between 2000 and 2100 (from 26.0 to 27.7 

Tg yr–1 of sulphur) using constant DMS sea surface 
concentrations together with a constant monthly climatological 
ice cover. Gabric et al. (2004) predict an increase of the globally 
integrated DMS ß ux perturbation of 14% for a tripling of the 
pre-industrial atmospheric CO2 concentration. 

Bopp et al. (2004) estimate the feedback of DMS to cloud 
albedo with a coupled atmosphere-ocean-biogeochemical 
climate model that includes phytoplankton species in the ocean 
and a sulphur cycle in the atmospheric climate model. They 
obtain an increase in the sea-air DMS ß ux of 3% for doubled 
atmospheric CO2 conditions, with large spatial heterogeneities 
(–15 to +30%). The mechanisms affecting those ß uxes are 
marine biology, relative abundance of phytoplankton types 
and wind intensity. The simulated increase in ß uxes causes 
an increase in sulphate aerosols and, hence, cloud droplets 
resulting in a radiative perturbation of cloud albedo of –0.05 
W m–2, which represents a small negative climate feedback to 
global warming.

7.5.1.5 Aerosols from Iodine Compounds

Intense new aerosol particle formation has been frequently 
observed in the coastal environment (O’Dowd et al., 2002a). 
Simultaneous coastal observations of reactive iodine species 
(Saiz-Lopez et al., 2005), chamber studies using iodocarbon 
precursors and laboratory characterisation of iodine oxide 
particles formed from exposure of Laminaria macroalgae to 
ozone (McFiggans et al., 2004) have demonstrated that coastal 
particle formation is linked to iodine compound precursor 
released from abundant infralittoral beds of macroalgae. The 
particle bursts overwhelmingly occur during daytime low tides 
(O’Dowd et al., 2002b; Saiz-Lopez et al., 2005). Tidal exposure 
of kelp leads to the well-documented release of signiÞ cant ß uxes 
of iodocarbons (Carpenter et al., 2003), the most photolabile of 
which, di-iodomethane (CH2I2), may yield a high iodine atom 
ß ux. However, the iodine monoxide (IO) and iodine dioxide 
(OIO) radicals, and new particles are thought more likely to 
result from emissions of molecular iodine (McFiggans et al., 
2004), which will yield a much greater iodine atom ß ux (Saiz-
Lopez and Plane, 2004). It is unclear whether such particles 
grow sufÞ ciently to act as CCN (O’Dowd, 2002; Saiz-Lopez et 
al., 2005). Thus, a hitherto undiscovered remote ocean source 
of iodine atoms (such as molecular iodine) must be present if 
iodine-mediated particle formation is to be important in the 
remote marine boundary layer (McFiggans, 2005).

7.5.1.6 Climatic Factors Controlling Aerosol Burdens
and Cycling

As discussed above, near-surface wind speed determines 
the source strength for primary aerosols (sea salt, dust, primary 
organic particles) and precursors of secondary aerosols (mainly 
DMS). Progress has been made in the development of source 
functions (in terms of wind speed) for sea salt and desert dust 
(e.g., Tegen et al., 2002; Gong, 2003; Balkanski et al., 2004). 
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