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Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

Executive Summary this decrease and the negligible long-term change in its main

sink (the hydroxyl radical OH) imply that total Gldmissions
are not increasing.

Radiative forcing (RF)is a concept used for quantitative = —The Montreal Protocol gases (chlBtmrocarbons (CFCs),
comparisons of the strength of different human and naturddydrochlord®duorocarbons (HCFCs), and chlorocarbons) as a
agents in causing climate change. Climate model studies singeoup contributed +0.32 [£0.03] W-#to the RF in 2005. Their
the Working Group | Third Assessment Report (TAR; IPCCRF peaked in 2003 and is now beginning to decline.

2001) givemediuncorPdence that the equilibrium global mean  — Nitrous oxide continues to rise approximately linearly
temperature response to a given RF is approximately the sarf®26% yrl) and reached a concentration of 319 ppb in 2005,
(to within 25%) for most drivers of climate change. contributing an RF of +0.16 [+0.02] W Recent studies

For thebrst time, the combined RF for all anthropogenicreinforce the large role of emissions from tropical regions in
agents is derived. Estimates are also made foprigtetime of  inBuencing the observed spatial concentration gradients.
the separate RF components associated with the emissions of— Concentrations of many of tf&iorine-containing Kyoto
each agent. Protocol gases (hydBoiorocarbons (HFCs), g&morocarbons,

The combined anthropogenic RF is estimated to be +1.8F) have increased by large factors (between 4.3 and 1.3)
[-1.0, +0.87 W m2, indicating that, since 1750, itéxtremely  between 1998 and 2005. Their total RF in 2005 was +0.017
likely3 that humans have exerted a substantial warminft0.002] W m2 and is rapidly increasing by roughly 10%yr
inBuence on climate. This RF estimatdikely to be at least — The reactive gas, OH, is a key chemical species that
bve times greater than that due to solar irradiance changes. FoBuences the lifetimes and thus RF values of,,GHFCs,
the period 1950 to 2005, it exceptionally unlikelythat the HCFCs and ozone; it also plays an important role in the
combined natural RF (solar irradiance plus volcanic aerosofprmation of sulphate, nitrate and some organic aerosol species.
has had a warming®uence comparable to that of the combinedEstimates of the global average OH concentration have shown

anthropogenic RF. no detectable net change between 1979 and 2004.
Increasing concentrations of the long-lived greenhouse
gases (carbon dioxide (G methane (Cl), nitrous oxide Based on newer and better chemical transport models

(N,0O), halocarbons and sulphur h8karide (SFk); hereinafter than were available for the TAR, the RF from increases in
LLGHGS) have led to a combined RF of +2.63 [+0.26] W.m tropospheric ozone is estimated to be +0.35 [-0.1, +0.3]
Their RF has #&igh level of scientec understandingThe 9% W m2, with amediumlevel of scientpc understanding. There
increase in this RF since the TAR is the result of concentratioare indications of sigikcant upward trends at low latitudes.
changes since 1998. The trend of greater and greater depletion of global
stratospheric ozone observed during the 1980s and 1990s
— The global mean concentration of €@ 2005 was 379 is no longer occurring; however, it is not yet clear whether
ppm, leading to an RF of +1.66 [£0.17] WrPast emissions these recent changes are indicative of ozone recovery. The
of fossil fuels and cement production hdikely contributed  RF is largely due to the destruction of stratospheric ozone
about three-quarters of the current RF, with the remainddry the Montreal Protocol gases and it is re-evaluated to
caused by land use changes. For the 1995 to 2005 decade, ltlee—0.05 [+0.10] W n%, with amediumlevel of scientific
growth rate of CQin the atmosphere was 1.9 ppmhand the  understanding.
CO, RF increased by 20%: this is the largest change observed Based on chemical transport model studies, the RF from
or inferred for any decade in at least the last 200 years. Frothne increase in stratospheric water vapour due to oxidation of
1999 to 2005, global emissions from fossil fuel and cementH, is estimated to be +0.07 [+ 0.05] W-nwith alow level
production increased at a rate of roughly 398.yr of scientbc understanding. Other potential human causes of
— The global mean concentration of £iH 2005 was 1,774 water vapour increase that could contribute an RF are poorly
ppb, contributing an RF of +0.48 [£0.05] W-nOver the past understood.
two decades, CHyrowth rates in the atmosphere have generally The total direct aerosol RF as derived from models and
decreased. The cause of this is not well understood. Howevelservations is estimated to be —-0.5 [+0.4] WA nwith a

1 The RF represents the stratospherically adjusted radiative ux change evaluated at the tropopause, as de ned in the TAR. Positive RFs lead to a global mean surface warming
and negative RFs to a global mean surface cooling. Radiative forcing, however, is not designed as an indicator of the detailed aspects of climate response. Unless otherwise men-
tioned, RF here refers to global mean RF. Radiative forcings are calculated in various ways depending on the agent: from change s in emissions and/or changes in concentrations,
and from observations and other knowledge of climate change drivers. In this report, the RF value for each agent is reported as the difference in RF, unless otherwise mentioned,
between the present day (approximately 2005) and the beginning of the industrial era (approximately 1750), and is given in unit s of W m-2.

290% con dence ranges are given in square brackets. Where the 90% con dence range is asymmetric about a best estimate, it is given in the form A [-X, +Y] where the lower limit
of the range is (A — X) and the upper limit is (A + ).

3 The use of ‘extremely likely is an example of the calibrated language used in this document, it represents a 95% con dence level or higher; ‘likely’ (66%) is another example (See
Box TS.1).

4 Estimates of RF are accompanied by both an uncertainty range (value uncertainty) and a level of scienti c understanding (structural uncertainty). The value uncertainties represent
the 5 to 95% (90%) con dence range, and are based on available published studies; the level of scienti ¢ understanding is a subjective measure of structural uncertainty and
represents how well understood the underlying processes are. Climate change agents with a high level of scienti ¢ understanding are expected to have an RF that falls within
their respective uncertainty ranges (See Section 2.9.1 and Box TS.1 for more information).
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medium-lowevel of scientpc understanding. The RF due to the the RF remain large. The total solar irradiance, monitored from
cloud albedo effect (also referred tokast indirect or Twomey space for the last three decades, reveals a well-established cycle
effect), in the context of liquid water clouds, is estimateddf 0.08% (cycle minimum to maximum) with no sigoant
to be -0.7 [-1.1, +0.4] W 14 with alow level of scientbc  trend at cycle minima.
understanding. — Changes (order of a few percent) in globally averaged
column ozone forced by the solar ultraviolet irradiance 11-year
— Atmospheric models have improved and many nowcycle are now better understood, but ozonélgrehanges are
represent all aerosol components of digance. Improvedh less certain. Empirical associations between solar-modulated
situ, satellite and surface-based measurements have enabt@bmic ray ionization of the atmosphere and globally averaged
veribcation of global aerosol models. The best estimate andw-level cloud cover remain ambiguous.
uncertainty range of the total direct aerosol RF are based on a
combination of modelling studies and observations. The global stratospheric aerosol concentrations in 2005 were
— The direct RF of the individual aerosol species is lesat their lowest values since satellite measurements began in
certain than the total direct aerosol RF. The estimates arabout 1980. This can be attributed to the absence obsiymi
sulphate, —0.4 [+0.2] W 1% fossil fuel organic carbon, —0.05 explosive volcanic eruptions since Mt. Pinatubo in 1991.
[£0.05] W nr2 fossil fuel black carbon, +0.2 [+0.15] W-#n  Aerosols from such episodic volcanic events exert a transitory
biomass burning, +0.03 [+0.12] W-fn nitrate, —0.1 [£0.1] negative RF; however, there is limited knowledge of the RF
W m2 and mineral dust, —0.1 [+0.2] W-f For biomass associated with eruptions prior to Mt. Pinatubo.
burning, the estimate is strongly3umenced by aerosol overlying The spatial patterns of RFs for non-LLGHGSs (ozone, aerosol
clouds. For théorst time best estimates are given for nitrate andlirect and cloud albedo effects, and land use changes) have
mineral dust aerosols. considerable uncertainties, in contrast to the relatively high
— Incorporation of more aerosol species andconPdence in that of the LLGHGs. The Southern Hemisphere
improved treatment of aerosol-cloud interactions allow net positive Rivery likelyexceeds that in Northern Hemisphere
a best estimate of the cloud albedo effect. However, theecause of smaller aerosol contributions in the Southern
uncertainty remains largeModel studies including more Hemisphere. The RF spatial pattern is not indicative of the
aerosol species or constrained by satellite observatiommttern of climate response.
tend to yield a relatively weaker RF. Other aspects The total global mean surface forcigvery likelynegative.
of aerosol-cloud interactions (e.g., cloud lifetime, semi-direcBy reducing the shortwave radiati¥ex at the surface, increases
effect) are not considered to be an RF (see Chapter 7). in stratospheric and tropospheric aerosols are principally
responsible for the negative surface forcing. This is in contrast
Land cover changes, largely due to net deforestation, have LLGHG increases, which are the principal contributors to the
increased the surface albedo giving an RF of —0.2 [+0.Aptal positive anthropogenic RF.
W m2, with a medium-lowlevel of scientrc understanding.
Black carbon aerosol deposited on snow has reduced the surface
albedo, producing an associated RF of +0.1 [£0.1]/ with
alow level of scientpc understanding. Other surface property
changes can affect climate through processes that cannot be
guantbed by RF; these have \aery low level of scientbc
understanding.
Persistent linear contrails from aviation contribute an RF
of +0.01 [-0.007, +0.02] W A, with alow level of scientbc
understanding; the best estimate is smaller than in the TAR. No
best estimates are available for the net forcing from spreading
contrails and their effects on cirrus cloudiness.
The direct RF due to increases in solar irradiance since 1750
is estimated to be +0.12 [-0.06, +0.18] W2mwvith alow level
of scientbc understanding. This RF is less than half of the TAR
estimate.

— The smaller RF is due to a re-evaluation of the long-term
change in solar irradiance, namely a smaller increase from the
Maunder Minimum to the present. However, uncertainties in

5 Surface forcing is the instantaneous radiative ux change at the surface; it is a useful diagnostic tool for understanding changes in the heat and moisture surface budgets.
However, unlike RF, it cannot be used for quantitative comparisons of the effects of different agents on the equilibrium global mean surface temperature change.

132
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2.1 Introduction and Scope forcing and atmospheric composition changes before 1750 are

discussed in Chapter 6. Future RF scenarios that were presented
in Ramaswamy et al. (2001) are not updated in this report;

This chapter updates information taken from Chapters Bowever, they are bty discussed in Chapter 10.
to 6 of the IPCC Working Group | Third Assessment Report
(TAR; IPCC, 2001). It concerns itself with trends in forcing
agents and their precursors since 1750, and estimates t
contribution to the radiative forcing (RF) of the climate system.
Discussion of the understanding of atmospheric composition
changes is limited to explaining the trends in forcing agents and The ddrnition of RF from the TAR and earlier IPCC
their precursors. Areas where sigeant developments have assessment reports is retained. Ramaswamy et al. (20918 de
occurred since the TAR are highlighted. The chapter drawi$ as ‘the change in net (down minus up) irradiance (solar
on various assessments since the TAR, in particular the 20@2us longwave; in W n#) at the tropopause after allowing for
World Meteorological Organization (WMO)-United Nations stratospheric temperatures to readjust to radiative equilibrium,
Environment Programme (UNEP) Scidmti Assessment of but with surface and tropospheric temperatures and state held
Ozone Depletion (WMO, 2003) and the IPCC-Technologypxed at the unperturbed values'. Radiative forcing is used to
and Economic Assessment Panel (TEAP) special report assess and compare the anthropogenic and natural drivers of
Safeguarding the Ozone Layer and the Global Climate Systeaimate change. The concept arose from early studies of the
(IPCC/TEAP, 2005). climate response to changes in solar insolation ang @ihg

The chapter assesses anthropogenic greenhouse gas changiesple radiative-convective models. However, it has proven
aerosol changes and their impact on clouds, aviation-induced be particularly applicable for the assessment of the climate
contrails and cirrus changes, surface albedo changes aimpact of LLGHGs (Ramaswamy et al., 2001). Radiative
natural solar and volcanic mechanisms. The chapter reassest®sing can be related through a linear relationship to the
the ‘radiative forcing’ concept (Sections 2.2 and 2.8), presentfiobal meanequilibrium temperature change at the surface
spatial and temporal patterns of RF, and examines the radiatiy€Ty): GT, = RF, where is the climate sensitivity parameter
energy budget changes at the surface. (e.g., Ramaswamy et al., 2001). This equation, developed from

For the long-lived greenhouse gases (carbon dioxidthese early climate studies, represents a linear view of global
(CO,), methane (Cl), nitrous oxide (MNO), chlorduoro- mean climate change between two equilibrium climate states.
carbons  (CFCs), hydrochldioorocarbons (HCFCs), Radiative forcing is a simple measure for both quantifying
hydrd3uorocarbons (HFCs), gaworocarbons (PFCs) and and ranking the many differentoences on climate change;
sulphur hexBuoride (SFE), hereinafter collectively referred it provides a limited measure of climate change as it does not
to as the LLGHGs; Section 2.3), the chapter makes use aftempt to represent the overall climate response. However, as
new global measurement capabiliies and combines longlimate sensitivity and other aspects of the climate response
term measurements from various networks to update trends external forcings remain inadequately queedi, it has the
through 2005. Compared to other RF agents, these trends amvantage of being more readily calculable and comparable
considerably better quabgd; because of this, the chapter doeghan estimates of the climate response. Figure 2.1 shows how
not devote as much space to them as previous assessmehts RF conceplpts within a general understanding of climate
(although the processes involved and the related budgethange comprised of ‘forcing’ and ‘response’. This chapter
are further discussed in Sections 7.3 and 7.4). Neverthelesdso uses the term ‘surface forcing’ to refer to the instantaneous
LLGHGs remain the largest and most important driver ofperturbation of the surface radiative balance by a forcing
climate change, and evaluation of their trends is one of thegent. Surface forcing has quite different properties than RF
fundamental tasks of both this chapter and this assessment. and should not be used to compare forcing agents (see Section

The chapter considers only ‘forward calculation’ method2.8.1). Nevertheless, it is a useful diagnostic, particularly for
of estimating RF. These rely on observations and/or modellingerosols (see Sections 2.4 and 2.9).
of the relevant forcing agent. Since the TAR, several studies Since the TAR a number of studies have investigated the
have attempted to constrain aspects of RF using ‘invergelationship between RF and climate response, assessing the
calculation’ methods. In particular, attempts have been madgnitations of the RF concept; related to this there has been
to constrain the aerosol RF using knowledge of the temporabnsiderable debate whether some climate change drivers are
and/or spatial evolution of several aspects of climate. Thesgetter considered as a ‘forcing’ or a ‘response’ (Haretel.,
include temperatures over the last 100 years, other RFs, clim&805; Jacoket al., 2005; Section 2.8). Emissions of forcing
response and ocean heat uptake. These methods depend oagants, such as LLGHGs, aerosols and aerosol precursors,
understanding of — and sadiently small uncertainties in — other ozone precursors and ozone-depleting substances, are the more
aspects of climate change and are consequently discussed infimedamental drivers of climate change and these emissions can
detection and attribution chapter (see Section 9.2). be used in state-of-the-art climate models to interactively evolve

Other discussions of atmospheric composition changes aridrcing agentelds along with their associated climate change.
their associated feedbacks are presented in Chapter 7. Radiatinesuch models, some ‘response’ is necessary to evaluate the
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RF. This ‘response’ is most sidpraiant for aerosol- Components of the Climate Change Process
related cloud changes, where the tropospheric
state needs to change sigrantly in order to
create a radiative perturbation of the climate
system (Jacob et al., 2005).

Over the palaeoclimate time scales that are
discussed in Chapter 6, long-term changes in
forcing agents arise due to so-called ‘boundary
condition’ changes to the Earth’s climate system
(such as changes in orbital parameters, ice sheets
and continents). For the purposes of this chapter,
these ‘boundary conditions’ are assumed to be
invariant and forcing agent changes are considered
to be external to the climate system. The natural !
RFs considered are solar changes and volcanoes;
the other RF agents are all attributed to humans.
For the LLGHGs it is appropriate to assume
that forcing agent concentrations have not been

S|gn|t>cant!y altered by biogeochemical TeSpohses Figure 2.1. Diagram illustrating how RF is linked to other aspects of climate change assessed
(see Secthns 7'3_ and 7_'4_)' and RF is typically by the IPCC. Human activities and natural processes cause direct and indirect changes in climate
calculated in off-line radiative transfer schemes, change drivers. In general, these changes result in specibc RF changes, either positive or negative
using observed changes in concentration (i.e., and cause some non-initial radiative effects, such as changes in evaporation. Radiative forcing anc
humans are considered solely responsible for their non-initial radiative effects lead to climate perturbations and responses as discussed in Chapters 6
. . . 7 and 8. Attribution of climate change to natural and anthropogenic factors is discussed in Chapter
!ncrease)' FOI’ the Oth_er climate ch_ange ‘?'“Vefsv RF 9. The coupling among biogeochemical processes leads to feedbacks from climate change to its
is often estimated using general circulation model drivers (Chapter 7). An example of this is the change in wetland emjsbitnsay Getur in

(GCM) data employing a variety of methodologies a warmer climate. The potential approaches to mit~igating climate change by altering human activi-
(Ramaswam)et al., 2001: Stubeet al., 2001b; ties (dashed lines) are topics addressed by IPCCOs Working Group IIl.

Tett et al., 2002; Shine et al., 2003; Hansen et

al., 2005; Section 2.8.3). Often, alternative RF calculatiomllowing the tropospheric state to change: this is the zero-
methodologies that do not directly follow the TARPdédion of ~ surface-temperature-change RF in Figure 2.2 (see Shine et al.,

a stratospheric-adjusted RF are used; the most important oriZ303; Hansen et al., 2005; Section 2.8.3). Other water vapour

are illustrated in Figure 2.2. For most aerosol constituents (se@d cloud changes are considered climate feedbacks and are
Section 2.4), stratospheric adjustment has little effect on the R&yaluated in Section 8.6.

and the instantaneous RF at either the top of the atmosphereClimate change agents that require changes in the

or the tropopause can be substituted. For the climate chantyepospheric state (temperature and/or water vapour amounts)
drivers discussed in Sections 7.5 and 2.5, that are not initiallyrior to causing a radiative perturbation are aerosol-cloud
radiative in nature, an RF-like quantity can be evaluated bljfetime effects, aerosol semi-direct effects and some surface

Direct and indirect changes in
climate change drivers

Natural Influences
(e.g., solar processes,
earth orbit, volcanoes)

(e.g., greenhouse gases, aerosols,
cloud microphysics, and solar irradiance)

Non-initial-
radiative
effects

Human Activities
(e.g., fossil fuel burning,
industrial processes,
land use)

Radiative forcing

Climate Perturbation and Response

Biogeochemical
feedback
processes

and pr itation, v
weather events)

(e.g., global and regional temperatures

Stratospheric- Zero-surface- Equilibrium

Instantaneous RF adjusted RF temperature-change RF climate response

Stratospheric tem-

peratures adjust No flux imbalance

RF = net flux imbalance

at tropopause Atmospheric

temperatures adjust temperatures

temperature fixed in adjust everywhere
troposphere and at

surface

temperature fixed
everywhere

temperature
fixed at surface

ATs

Figure 2.2. Schematic comparing RF calculation methodologies. Radiative forcing, debPned as the net Bux imbalance &bthe byppopauss;.i$te horizontal

lines represent the surface (lower line) and tropopause (Uipeutipeyturbed temperature proble is shown as the blue line and the perturbed temperature proble as
the orange line. From left to right: Instantaneous RF: atmospheric temperatures are bxed everywhere; stratosiihescadjaspbRi-temperatures to adjust;
zero-surface-temperature-change RF: allows atmospheric temperatures to adjust everywhere with surface tempgraitiiesichethtenggponse: allows the
atmospheric and surface temperatures to adjust to reach equilibrium (no tropopause Bux imbalance), giving e shafage-fgmperatur
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Chapter 2

Changes in Atmospheric Constituents and in Radiative Forcing

Frequently Asked Question 2.1

How do Human Activities Contribute to Climate Change
and How do They Compare with Natural Influences?

Human activities contribute to climate change by causing
changes in Earth’s atmosphere in the amounts of greenhouse gas-
es, aerosols (small particles), and cloudiness. The largest known
contribution comes from the burning of fossil fuels, which releases
carbon dioxide gas to the atmosphere. Greenhouse gases and aero-
sols affect climate by altering incoming solar radiation and out-
going infrared (thermal) radiation that are part of Earth’s energy
balance. Changing the atmospheric abundance or properties of
these gases and particles can lead to a warming or cooling of the
climate system. Since the start of the industrial era (about 1750),
the overall effect of human activities on climate has been a warm-
ing in uence. The human impact on climate during this era greatly
exceeds that due to known changes in natural processes, such as
solar changes and volcanic eruptions.

CO; (ppm), N0 (ppb)

Greenhouse Gases

Concentrations of Greenhouse Gases from O to 2005
400 T T T ™12000
r 41800
Carbon Dioxode (CO,) ]
Methane (CH.) J1600
350 —— Nitrous Oxide (N,0) ]
] 1400 g
E e
H1200%
300 ]
N 1000
S
250 1 I I 1600
0 500 1000 1500 2000
Year

FAQ 2.1, Figure 1. Atmospheric concentrations of important long-lived green-

Human activities result in emissions of four principal green-
house gases: carbon dioxide (GQ methane (Cl), nitrous oxide

(N,O) and the halocarbons (a group of gases containingi®ine, per

house gases over the last 2,000 years. Increases since about 1750 are attributed
human activities in the industrial era. Concentration units are parts per million (pp!
or parts per billion (ppb), indicating the number of molecules of the greenhouse gz

million or billion air molecules, respectively, in an atmospheric sample. (Data

chlorine and bromine). These gases accumulate in the atmosphere,combined and simpliped from Chapters 6 and 2 of this report.)

causing concentrations to increase with time. Signgdant increases
in all of these gases have occurred in the industrial era (see Figure v
1). All of these increases are attributable to human activities.

¥ Carbon dioxide has increased from fossil fuel use in transpor-
tation, building heating and cooling and the manufacture of
cement and other goods. Deforestation releases,GMmd re-
duces its uptake by plants. Carbon dioxide is also released in
natural processes such as the decay of plant matter.

Methane has increased as a result of human activities related
to agriculture, natural gas distribution and landlls. Methane

is also released from natural processes that occur, for example,
in wetlands. Methane concentrations are not currently increas-
ing in the atmosphere because growth rates decreased over the
last two decades.

¥

Nitrous oxide is also emitted by human activities such as fertil-
izer use and fossil fuel burning. Natural processes in soils and
the oceans also release,N.

Halocarbon gas concentrations have increased primarily due
to human activities. Natural processes are also a small source.
Principal halocarbons include the chloroBorocarbons (e.g.,
CFC-11 and CFC-12), which were used extensively as refrig-
eration agents and in other industrial processes before their
presence in the atmosphere was found to cause stratospheric
ozone depletion. The abundance of chloro®rocarbon gases is
decreasing as a result of international regulations designed to
protect the ozone layer.

Ozone is a greenhouse gas that is continually produced and
destroyed in the atmosphere by chemical reactions. In the tro-
posphere, human activities have increased ozone through the
release of gases such as carbon monoxide, hydrocarbons and
nitrogen oxide, which chemically react to produce ozone. As
mentioned above, halocarbons released by human activities
destroy ozone in the stratosphere and have caused the ozone
hole over Antarctica.

Water vapour is the most abundant and important greenhouse
gas in the atmosphere. However, human activities have only
a small direct infuence on the amount of atmospheric wa-
ter vapour. Indirectly, humans have the potential to affect
water vapour substantially by changing climate. For example,
a warmer atmosphere contains more water vapour. Human
activities also infuence water vapour through Cllemissions,
because CHlundergoes chemical destruction in the strato-
sphere, producing a small amount of water vapour.

Aerosols are small particles present in the atmosphere with
widely varying size, concentration and chemical composition.
Some aerosols are emitted directly into the atmosphere while
others are formed from emitted compounds. Aerosols contain
both naturally occurring compounds and those emitted as a re-
sult of human activities. Fossil fuel ancbiomassburning have
increased aerosols containing sulphur compoundsrganic
compounds and black carbon (soot). Human activities such as
(continued)
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surface mining and industrial processes

have increased dust in the atmosphere.
Natural aerosols include mineral dust re-

leased from the surface, sea salt aerosols,
biogenic emissions from the land and

oceans and sulphate and dust aerosols
produced by volcanic eruptions.

Radiative Forcing of Factors Affected by
Human Activities

The contributions to radiative forcing
from some of the factors infRienced by hu-
man activities are shown in Figure 2. The
values rel&ct the total forcing relative to the
start of the industrial era (about 1750). The
forcings for all greenhouse gas increases,
which are the best understood of those due
to human activities, are positive because each
gas absorbs outgoing infrared radiation in the
atmosphere. Among the greenhouse gases,
CQ increases have caused the largest forcing
over this period. Tropospheric ozone increas-
es have also contributed to warming, while
stratospheric ozone decreases have contrib-
uted to cooling.

Aerosol particles infience radiative forc-
ing directly through refRection and absorption
of solar and infrared radiation in the atmo-
sphere. Some aerosols cause a positive forcing
while others cause a negative forcing. The di-
rect radiative forcing summed over all aerosol
types is negative. Aerosols also cause a nega-
tive radiative forcing indirectly through the
changes they cause in cloud properties.

Human activities since the industrial era
have altered the nature of land cover over
the globe, principally through changes in

(continued)
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FAQ 2.1, Figure 2. Summary of the principal components of the radiative forcing of climate change. All these
radiative forcings result from one or more factors that affect climate and are associated with human activities o
natural processes as discussed in the text. The values represent the forcings in 2005 relative to the start of the
industrial era (about 1750). Human activities cause signiPcant changes in long-lived gases, ozone, water vapc
surface albedo, aerosols and contrails. The only increase in natural forcing of any signibPcance between 1750 :
2005 occurred in solar irradiance. Positive forcings lead to warming of climate and negative forcings lead to a
cooling. The thin black line attached to each coloured bar represents the range of uncertainty for the respective
value. (Figure adapted from Figure 2.20 of this report.)

FAQ 2.1, Box 1: What is Radiative Forcing?

What is radiative forcing? The imence of a factor that can cause climate change, such as a greenhouse gas, is often evaluated in
terms of its radiative forcing. Radiative forcing is a measure of how the energy balance of the Earth-atmosphere systenenséal
when factors that a ect climate are altered. The word radiative arises because these factors change the balance between incoming solar
radiation and outgoing infrared raditon within the Earthes atmosphere. This radiative balance controls the Earthes surfagetature.
The term forcing is used to indicate that Earthes radiative balance is being pushed away from its normal state.

Radiative forcing is usually quanted as the erate of energy change per unit area of the globe as measured at the top of the atmo-
spheres, and is expressed in units of sWatts per square metree (see Figure 2). When radiative forcing from a factor orfgobors of
is evaluated as positive, the energy of the Earth-atmosphere system will ultimately increase, leading to a warming of the. dyste
contrast, for a negative radiative forcing, the energyll ultimately decrease, leading to a cooling of the system. Importahtllenges
for climate scientists are to identify all the factors thatect climate and the mechanisms by which they exert a forcing, to quantify the
radiative forcing of each factor and to evaluate thetal radiative forcing from the group of factors.
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croplands, pastures and forests. They have also maefifthe ref®c- follow an 11-year cycle. Solar energy directly heats the climate
tive properties of ice and snow. Overall, it is likely that more solar system and can also affect the atmospheric abundance of some
radiation is now being refected from EarthOs surface as a result of greenhouse gases, such as stratospheric ozone. Explosive volcanic
human activities. This change results in a negative forcing. eruptions can create a short-lived (2 to 3 years) negative forcing
Aircraft produce persistent linear trails of condensation (Ocon- through the temporary increases that occur in sulphate aerosol
trails®) in regions that have suitably low temperatures and high in the stratosphere. The stratosphere is currently free of volcanic
humidity. Contrails are a form of cirrus cloud that reBct solar ra- aerosol, since the last major eruption was in 1991 (Mt. Pinatubo).

diation and absorb infrared radiation. Linear contrails from global The differences in radiative forcing estimates between the
aircraft operations have increased EarthOs cloudiness and are estipresent day and the start of the industrial era for solar irradiance
mated to cause a small positive radiative forcing. changes and volcanoes are both very small compared to the differ-
ences in radiative forcing estimated to have resulted from human
Radiative Forcing from Natural Changes activities. As a result, in todayOs atmosphere, the radiative forcing

from human activities is much more important for current and
future climate change than the estimated radiative forcing from
changes in natural processes.

Natural forcings arise due to solar changes and explosive
volcanic eruptions. Solar output has increased gradually in the
industrial era, causing a small positive radiative forcing (see Figure
2). This is in addition to the cyclic changes in solar radiation that

change effects. They need to be accounted for when evaluati 2.3 Chemically and Radiatively
the overall effect of humans on climate and their radiativg Important Gases
effects as discussed in Sections 7.2 and 7.5. However, in bo
this chapter and the Fourth Assessment Report they are not
considered to be RFs, although the Rrdéon could be 2.3.1 Atmospheric Carbon Dioxide
altered to accommodate them. Reasons for this are twofold
and concern the need to be simple and pragmatic. Firstly, many This section discusses the instrumental measurements,pf CO
GCMs have some representation of these effects inherent dlocumenting recent changes in atmospheric mixing ratios needed
their climate response and evaluation of variation in climatéor the RF calculations presented later in the section. In addition,
sensitivity between mechanisms already accounts for them (siégrovides data for the pre-industrial levels of J@quired as
‘efbcacy’, Section 2.8.5). Secondly, the evaluation of thesthe accepted reference level for the RF calculations. For dates
tropospheric state changes rely on some of the most uncertdiafore about 1950 indirect measurements are relied upon. For
aspects of a climate model's response (e.g., the hydrologibese periods, levels of atmospheric, @@ usually determined
cycle); their radiative effects are very climate-model dependerftom analyses of air bubbles trapped in polar ice cores. These
and such a dependence is what the RF concept was designetirtee periods are primarily considered in Chapter 6.
avoid. In practice these effects can also be excluded on practical A wide range of direct and indirect measurementdoon
grounds — they are simply too uncertain to be adequateiyat the atmospheric mixing ratio of G@as increased globally
quantbed (see Sections 7.5, 2.4.5 and 2.5.6). by about 100 ppm (36%) over the last 250 years, from a range
The RF relationship to transient climate change is noof 275 to 285 ppm in the pre-industrial era (AD 1000-1750) to
straightforward. To evaluate the overall climate respons&79 ppm in 2005 (see FAQ 2.1, Figure 1). During this period,
associated with a forcing agent, its temporal evolution and ithe absolute growth rate of Gh the atmosphere increased
spatial and vertical structure need to be taken into accourgubstantially: thderst 50 ppm increase above the pre-industrial
Further, RF alone cannot be used to assess the potential climatdue was reached in the 1970s after more than 200 years,
change associated with emissions, as it does not take intdiereas the second 50 ppm was achieved in about 30 years. In
account the different atmospheric lifetimes of the forcing agentshe 10 years from 1995 to 2005 atmospheric, @Creased by
Global Warming Potentials (GWPs) are one way to assess thealgout 19 ppm; the highest average growth rate recorded for any
emissions. They compare the integrated RF over akgmbci decade since direct atmospheric Q@easurements began in
period (e.g., 100 years) from a unit mass pulse emission relatitlee 1950s. The average rate of increase ip @@ermined by
to CGO, (see Section 2.10). these direct instrumental measurements over the period 1960 to
2005 is 1.4 ppm .
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High-precision measurements of atmospheric , Cide The increases in global atmospheric,Gce the industrial
essential to the understanding of the carbon cycle budgetsvolution are mainly due to G@missions from the combustion
discussed in Section 7.3. Therst in situ continuous of fossil fuels, ga8aring and cement production. Other sources
measurements of atmospheric £@ade by a high-precision include emissions due to land use changes such as deforestation
non-dispersive infrared gas analyser were implemented b§Houghton, 2003) and biomass burning (Andreae and Merlet,
C.D. Keeling from the Scripps Institution of Oceanography2001; van der Werf, 2004). After entering the atmosphere,
(SIO) (see Section 1.3). These began in 1958 at Mauna Lo@Q, exchanges rapidly with the short-lived components of the
Hawaii, located at 19°N (Keelingt al., 1995). The data terrestrial biosphere and surface ocean, and is then redistributed
documented for therst time that not only was Gncreasing on time scales of hundreds of years among all active carbon
in the atmosphere, but also that it was modulated by cyclesservoirs including the long-lived terrestrial biosphere and
caused by seasonal changes in photosynthesis in the terrestrial
biosphere. These measurements were followed by continuous
in situ analysis programmes at other sites in both hemisphergac) 50
(Conway et al., 1994; Nakazawa et al., 1997; Langenfelds et
al., 2002). In Figure 2.3, atmospheric O@ixing ratio data at
Mauna Loa in the Northern Hemisphere (NH) are shown Witl’E
contemporaneous measurements at Baring Head, New Zealafd
in the Southern Hemisphere (SH; Manning et al., 1997; Keeliné
and Whorf, 2005). These two stations provide the Ionges§ 340 |
continuous records of atmospheric £@ the NH and SH, X [
respectively. Remote sites such as Mauna Loa, Baring Hea
Cape Grim (Tasmania) and the South Pole were chosen beca@se;zo
air sampled at such locations shows little short-term variation
caused by local sources and sinks of,@@d provided théerst
data from which the global increase of atmospheric @&  (b)
documented. Because €& a LLGHG and well mixed in
the atmosphere, measurements made at such sites provide an
integrated picture of large parts of the Earth including continents_
and city point sources. Note that this also applies to the othef; i
LLGHGs reported in Section 2.3. O s

In the 1980s and 1990s, it was recognised that greateg I
coverage of C® measurements over continental areas wasj
required to provide the basis for estimating sources and sinks ¢
atmospheric CQover land as well as ocean regions. Becauses
continuous CQanalysers are relatively expensive to maintaing AT B
and require meticulous on-site calibration, these records are ,o;0 1975 1980 1985 1990 1995 2000 2005
now widely supplemented by air samglask programmes,
where air is collected in glass and metal containers at a large
number of continental and marine sites. After collection, theigure 2.3. Recent G@oncentrations and emissions. §@o@eentrations

blled Rasks are sent to central well-calibrated laboratorie§monthly averages) measured by continuous analysers over the period 1970 to
: . . - 005 from Mauna Loa, Hawaii (19iN, black; Keeling and Whorf, 2005) and Baring
for analysis. The most extensive network of Intemal[lona’aead, New Zealand (41iS, blue; following techniques by Manning et al., 1997). Due

air samplin_g Siteslis opc—?rated by the Nati_on‘_a-l Oce.a.ni.C ang the larger amount of terrestrial biosphere in the NH, seasonal ggiotes in CO
Atmospheric Administration’s Global Monitoring Division larger there than in the SH. In the lower right of the panel, atmosphegjc oxygen (O

(NOAA/GMD; formerly NOAA/Climate Monitoring and measurements from Rask samples are shown from Alert, Canada (82iN, pink) and

Diagnostics Laboratory (CMDL)) in the USA. This organisation $2P¢ Grim: Australia (41;S, cyan) (Manning and Keeling, 2006)c@htzalon

. . . is measured as Oper megQO deviationghy thtiadrom an arbitrary reference,
collates measurements of atmospherig €@ six continuous  analogous to the Oper mil® unit typically used in stable isotope work, but where the ra

analyser locations as well as weeRlgsk air samples from a tio is multiplied by®liistead of 2®because much smaller changes are measured.
gIobaI network of almost 50 surface sites. Many internationalP) Annual global,@@issions from fossil fuel burning and cement manufacture

- . Q@ . : in GtC $#(black) through 2005, using data from the CDIAC website (Marland et al,
laboratories make atmospherlc servations and worldwide 2006) to 2003. Emissions data for 2004 and 2005 are extrapolated from CDIAC using

d?-tapases of thei.r measurements are maintained by the Cark@g from the BP Statistical Review of World Energy (BP, 2006). Land use emissions
Dioxide Information Analysis Center (CDIAC) and by the are not shown; these are estimated to be between 0.5 and¥dat Gt 23990s

World Data Centre for Greenhouse Gases (WDCGG) in th@able 7.2). Annual averages 8IQFE ratio measured in atmosphegiatCO

Mauna Loa from 1981 to 2002 (red) are also shown (Keeling et al, 2005). The isotope
WMO Global Atmosphere Watch (GAW) programme. data are expressed-4%(C¢) & (per mil) deviation from a calibration standard.

Note that this scale is inverted to improve clarity.
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138



Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

deep ocean. The processes governing the movement of carbmoth thel3C/12C ratio in atmospheric Cand atmospheric O
between the active carbon reservoirs, climate carbon cyclevels are valuable tools used to determine the distribution of
feedbacks and their importance in determining the levels dbssil-fuel derived CQamong the active carbon reservoirs, as
CO, remaining in the atmosphere, are presented in Section 7@iscussed in Section 7.3. In Figure 2.3, recent measurements in
where carbon cycle budgets are discussed. both hemispheres are shown to emphasize the strong linkages
The increase in COmixing ratios continues to yield the between atmospheric Gncreases, ©decreases, fossil fuel
largest sustained RF of any forcing agent. The RF ofi€@  consumption and theC/12C ratio of atmospheric CO
function of the change in COn the atmosphere over the time  From 1990 to 1999, a period reported in Prentice et al.
period under consideration. Hence, a key question is ‘How is tH@001), the emission rate due to fossil fuel burning and cement
CO, released from fossil fuel combustion, cement productioproduction increased irregularly from 6.1 to 6.5 Gt€lyr
and land cover change distributed amongst the atmospheshout 0.7% yi. From 1999 to 2005 however, the emission
oceans and terrestrial biosphere?’. This partitioning has beeate rose systematically from 6.5 to 7.8 GtCl\(BP, 2006;
investigated using a variety of techniques. Among the mogd#larland et al., 2006) or about 3.0% -y representing a
powerful of these are measurements of the carbon isotopespariod of higher emissions and growth in emissions than
CO, as well as high-precision measurements of atmosphertbose considered in the TAR (see Figure 2.3). Carbon dioxide
oxygen (Q) content. The carbon contained in £fas two emissions due to global annual fossil fuel combustion and
naturally occurring stable isotopes denotd&d and13C. The cement manufacture combined have increased by 70% over the
brst of thesel?C, is the most abundant isotope at about 99%last 30 years (Marlanelt al., 2006). The relationship between
followed by13C at about 1%. Emissions of G®om coal, gas increases in atmospheric €@nixing ratios and emissions
and oil combustion and land clearing ha¥€/12C isotopic  has been tracked using a scaling factor known as the apparent
ratios that are less than those in atmospherig, @@d each ‘airborne fraction’, dened as the ratio of the annual increase
carries a signature related to its source. Thus, as shown imatmospheric CQto the CQ emissions from annual fossil
Prentice et al. (2001), when G@om fossil fuel combustion fuel and cement manufacture combined (Keeéihgl., 1995).
enters the atmosphere, 8#€/12C isotopic ratio in atmospheric On decadal scales, this fraction has averaged about 60% since
CO, decreases at a predictable rate consistent with emissiotigee 1950s. Assuming emissions of 7 Gt€lynd an airborne
of CO, from fossil origin. Note that changes in tHE€/2C  fraction remaining at about 60%, Hansen and Sato (2004)
ratio of atmospheric CQare also caused by other sources angredicted that the underlying long-term global atmospheric
sinks, but the changing isotopic signal due to,@0m fossil  CO, growth rate will be about 1.9 ppm-¥ra value consistent
fuel combustion can be resolved from the other componentgith observations over the 1995 to 2005 decade.
(Francey et al] 1995). These changes can easily be measured Carbon dioxide emissions due to land use changes during
using modern isotope ratio mass spectrometry, which has tliee 1990s are estimated as 0.5 to 2.7 Gt€ (Bection 7.3,
capability of measuring3C/22C in atmospheric COto better  Table 7.2), contributing 6% to 39% of the C@rowth rate
than 1 partin 1®(Ferretti et al., 2000). Data presented in FigurgBrovkin et al., 2004). Prentice et al. (2001) cited an inventory-
2.3 for thel3C/A2C ratio of atmospheric Ct Mauna Loa show based estimate that land use change resulted in net emissions of
a decreasing ratio, consistent with trends in both fossil fugl CQL21 GtC between 1850 and 1990, after Houghton (1999, 2000).
emissions and atmospheric €@ixing ratios (Andres et al., The estimate for this period was revised upwards to 134 GtC
2000; Keeling et al., 2005). by Houghton (2003), mostly due to an increase in estimated
Atmospheric @ measurements provide a powerful andemissions prior to 1960. Houghton (2003) also extended the
independent method of determining the partitioning of, COinventory emissions estimate to 2000, giving cumulative
between the oceans and land (Keeling et al., 1996). Atmosphegmissions of 156 GtC since 1850. In carbon cycle simulations
O, and CQ changes are inversely coupled during plantoy Brovkin et al. (2004) and Matthews et al. (2004), land use
respiration and photosynthesis. In addition, during the proceshange emissions contributed 12 to 35 ppm of the totgl CO
of combustion Qis removed from the atmosphere, producingrise from 1850 to 2000 (Section 2.5.3, Table 2.8). Historical
a signal that decreases as atmospherig DCreases on a changes in land cover are discussed in Section 2.5.2, and the
molar basis (Figure 2.3). Measuring changes in atmospher€O, budget over the 1980s and 1990s is discussed further in
O, is technically challenging because of thebdiflty of  Section 7.3.
resolving changes at the part-per-million level in a background In 2005, the global mean average &axing ratio for the SIO
mixing ratio of roughly 209,000 ppm. Thesekditilties were network of 9 sites was 378.75 + 0.13 ppm and for the NOAA/
brst overcome by Keeling and Shertz (1992), who used aBMD network of 40 sites was 378.76 + 0.05 ppm, yielding a
interferometric technique to show that it is possible to track botglobal average of almost 379 ppm. For both networks, only
seasonal cycles and the decline gfi®the atmosphere at the sites in the remote marine boundary layer are used and high-
part-per-million level (Figure 2.3). Recent work by Manningaltitude locations are not included. For example, the Mauna Loa
and Keeling (2006) indicates that atmospherjésQiecreasing site is excluded due to an ‘altitude effect’ of about 0.5 ppm. In
at a faster rate than GQs increasing, which demonstrates addition, the 2005 values are still pendipgal reference gas
the importance of the oceanic carbon sink. Measurements oélibrations used to measure the samples.

139



Changes in Atmospheric Constituents and in Radiative Forcing Chapter 2

New measurements of GGrom Antarctic ice andPrn  the uncertainty in RF is almost entirely due to radiative transfer
(MacFarling Meure et al., 2006) update and extend those froamssumptions and not mixing ratio estimates, therefore trends in
Etheridge et al. (1996) to AD 0. The ¢@ixing ratio in 1750 RF can be more accurately determined than the absolute RF.
was 277 + 1.2 ppm.This record shows variations between From Section 2.5.3, Table 2.8, the contribution from land use
272 and 284 ppm before 1800 and also thaf @Ring ratios  change to the present GBF is likely to be about 0.4 W
dropped by 5 to 10 ppm between 1600 and 1800 (see Sectifsince 1850). This implies that fossil fuel and cement production
6.3). The RF calculations usually take 1750 as the pre-industrinave likely contributed about three-quarters of the current RF.
index (e.g., the TAR and this report). Therefore, using 1750
may slightly overestimate the RF, as the changes in the mixiriy3.2  Atmospheric Methane
ratios of CQ, CH, and NO after the end of this naturally
cooler period may not be solely attributable to anthropogenic This section describes the current global measurement
emissions. Using 1860 as an alternative start date for the Rifogrammes for atmospheric GHwhich provide the data
calculations would reduce the LLGHG RF by roughly 10%.required for the understanding of its budget and for the
For the RF calculation, the data from Law Dome ice cap in thealculation of its RF. In addition, this section provides data
Antarctic are used because they show the highest age resolution the pre-industrial levels of GHequired as the accepted
(approximately 10 years) of any ice core record in existence. Ireference level for these calculations. Detailed analyses pf CH
addition, the high-precision data from the cores are connectdaidgets and its biogeochemistry are presented in Section 7.4.
to direct observational records of atmospheric, @3@m Cape Methane has the second-largest RF of the LLGHGs after
Grim, Tasmania. CO, (Ramaswamy et al., 2001). Over the last 650 kyr, ice

The simple formulae for RF of the LLGHG quoted in core records indicate that the abundance of i@Hhe Earth’s
Ramaswamy et al. (2001) are still valid. These formulae aratmosphere has varied from lows of about 400 ppb during glacial
based on global RF calculations where clouds, stratosphenieriods to highs of about 700 ppb during interglacials (Spahni
adjustment and solar absorption are included, and give an RFeifal., 2005) with a single measurement from the Vostok core
+3.7 W mr2for a doubling in the COmixing ratio. (The formula  reaching about 770 ppb (see Figure 6.3).
used for the CQRF calculation in this chapter is the IPCC In 2005, the global average abundance of, @t¢asured at
(1990) expression as revised in the TAR. Note that fo, B6  the network of 40 surface dkask sampling sites operated by
increases logarithmically with mixing ratio.) Collins et al. (2006)NOAA/GMD in both hemispheres was 1,774.62 + 1.22 $pb.
performed a comparison bfre detailed line-by-line models and This is the most geographically extensive network of sites
20 GCM radiation schemes. The spread of line-by-line modeaiperated by any laboratory and it is important to note that the
results were consistent with the +10% uncertainty estimate faalibration scale ituses has changed since the TAR (Dlugokencky
the LLGHG RFs adopted in Ramaswasmiyal. (2001) and a et al., 2005). The new scale (known as NOAAO4) increases all
similar £10% for the 90% cdmlence interval is adopted here. previously reported CHmixing ratios from NOAA/GMD by
However, it is also important to note that these relatively smalibout 1%, bringing them into much closer agreement with the
uncertainties are not always achievable when incorporating thedvanced Global Atmospheric Gases Experiment (AGAGE)
LLGHG forcings into GCMs. For example, both Collins et al.network. This scale will be used by laboratories participating
(2006) and Forster and Taylor (2006) found that GCM radiatiom the WMQO’s GAW programme as a ‘common reference’.
schemes could have inaccuracies of around 20% in their totAtmospheric Cl is also monitored abve sites in the NH
LLGHG RF (see also Sections 2.3.2 and 10.2). and SH by the AGAGE network. This group uses automated

Using the global average value of 379 ppm for atmospherisystems to make 36 Glrheasurements per day at each site, and
CO, in 2005 gives an RF of 1.66 + 0.17 W2ra contribution  the mean for 2005 was 1,774.03 + 1.68 ppb with calibration and
that dominates that of all other forcing agents considered in thisethods described by Cunnold et @002). For the NOAA/
chapter. This is an increase of 13 to 14% over the value report&MD network, the 90% cdwence interval is calculated
for 1998 in Ramaswamy et R001). This change is solely with a Monte Carlo technique, which only accounts for the
due to increases in atmospheric £&0d is also much larger uncertainty due to the distribution of sampling sites. For both
than the RF changes due to other agents. In the decade 1995 ¢dworks, only sites in the remote marine boundary layer are
2005, the RF due to Cncreased by about 0.28 W#§20%), used and continental sites are not included. Global databases
an increase greater than that calculated for any decade sinceatatmospheric Cl measurements for these and other,CH
least 1800 (see Section 6.6 and FAQ 2.1, Figure 1). measurement programmes (e.g., Japanese, European and

Table 2.1 summarises the present-day mixing ratios and R&ustralian) are maintained by the CDIAC and by the WDCGG
for the LLGHGSs, and indicates changes since 1998. The RR the GAW programme.
from CO, and that from the other LLGHGs have a high level Present atmospheric levels of £bfe unprecedented in at
of scientbc understanding (Section 2.9, Table 2.11). Note thdeast the last 650 kyr (Spahni et al., 2005). Direct atmospheric

7 For consistency with the TAR, the pre-industrial value of 278 ppm is retained in the CO , RF calculation.

8 The 90% con dence range quoted is from the normal standard deviation error for trace gas measurements assuming a normal distribution (i.e. , multiplying by a factor of 1.645).
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Table 2.1. Present-day concentrations and RF for the measured LLGHGs. The changes since 1998 (the time of the TAR wstimates) are also sho

Radiative Forcing d

Concentrations b and their changes ¢

Change since Change since

Species 2 1998 2005 (W m-2) 1998 (%)
Cco, 379 £+ 0.65 ppm +13 ppm 1.66 +13
CH, 1,774 + 1.8 ppb +11 ppb 0.48 -
N,O 319 + 0.12 ppb +5 ppb 0.16 +11

ppt ppt
CFC-11 251 +0.36 -13 0.063 -5
CFC-12 538+ 0.18 +4 0.17 +1
CFC-113 79 + 0.064 -4 0.024 -5
HCFC-22 169+ 1.0 +38 0.033 +29
HCFC-141b 18 + 0.068 +9 0.0025 +93
HCFC-142b 15+ 0.13 +6 0.0031 +57
CH4CCl, 19 £ 0.47 —47 0.0011 72
CCl, 93+ 0.17 -7 0.012 -7
HFC-125 3.7+ 0.10e +2.6f 0.0009 +234
HFC-134a 35+0.73 +27 0.0055 +349
HFC-152a 3.9+0.11¢ +2.4¢ 0.0004 +151
HFC-23 18 + 0.129h +4 0.0033 +29
SFg 5.6 + 0.038! +1.5 0.0029 +36
CF, (PFC-14) 74 + 1.6i - 0.0034 -
C,Fs (PFC-116) 2.9 £ 0.0259h +0.5 0.0008 +22
CFCs Total 0.268 -1
HCFCs Total 0.039 +33
Montreal Gases 0.320 -1
Other Kyoto Gases
(HFCs + PFCs + SFg) 0.017 +69
Halocarbons 0.337 +1
Total LLGHGs 2.63 +9

Notes:
a See Table 2.14 for common names of gases and the radiative ef ciencies used to calculate RF.

b Mixing ratio errors are 90% con dence ranges of combined 2005 data, including intra-annual standard deviation, measurement and global averaging uncertainty.
Standard deviations were multiplied by 1.645 to obtain estimates of the 90% con dence range; this assumes normal distributions. Data for CO , are combined
measurements from the NOAA Earth System Research Laboratory (ESRL) and SIO networks (see Section 2.3.1); CH measurements are combined data from the
ESRL and Advanced Global Atmospheric Gases Experiment (AGAGE) networks (see Section 2.3.2); halocarbon measurements are the aveage of ESRL and AGAGE
networks. University of East Anglia (UEA) and Pennsylvania State University (PSU) measurements were also used (see Section 2.33).

¢ Pre-industrial values are zero except for CO, (278 ppm), CH, (715 ppb; 700 ppb was used in the TAR), N,O (270 ppb) and CF, (40 ppt).

d 90% con dence ranges for RF are not shown but are approximately 10%. This con dence range is almost entirely due to radiative transfer assumptions, therefore
trends remain valid when quoted to higher accuracies. Higher precision data are used for totals and affect rounding of the valu es. Percent changes are calculated
relative to 1998.

e Data available from AGAGE network only.

f Data for 1998 not available; values from 1999 are used.

9 Data from UEA only.

h Data from 2003 are used due to lack of available data for 2004 and 2005.

i Data from ESRL only.

11997 data from PSU (Khalil et al., 2003, not updated) are used.

k CFC total includes a small 0.009 W m-2 RF from CFC-13, CFC-114, CFC-115 and the halons, as measurements of these were not updated.
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measurements of the gas made at a wide variety of sites in1800f
both hemispheres over the last 25 years show that, although
the abundance of GHhas increased by about 30% during that5
time, its growth rate has decreased substantially from highs @f 17003_
greater than 1% y¥in the late 1 70s and early 1980s (Blakez .
and Rowland1988) to lows of close to zero towards the end of 1450f
the 1990s (Dlugokenckst al., 1998; Simpsoet al., 2002). The : ]
slowdown in the growth rate began in the 1980s, decreasing 690 f——————————————t—t——————— 50
from 14 ppb yrl (about 1% yr1) in 1984 to close to zero during ]
1999 to 2005, for the network of surface sites maintained by
NOAA/GMD (Dlugokenckyet al., 2003). Measurements by
Lowe et al(2004) for sites in the SH and Cunnold e{2002)
for the network of GAGE/AGAGE sites show similar features.
A key feature of the global growth rate of €I its current d 1
interannual variability, with growth rates ranging from a high S S SN I T,
of 14 ppb yrlin 1998 to less than zero in 2001, 2004 and 2005. 1985 1990 Ye189r95 2000 2005
(Figure 2.4)

The reasons for the decrease in the atmospherig CHyigure 2.4. Recent Gigoncentrations and trends. (a) Time series of global CH

: At .- . abundance mole fraction (in ppb) derived from surface sites operated by NOAA/GMD
growth rate and the implications for future changes in It?blue lines) and AGAGE (red lines). The thinner lines sigiobiiea@étages

atmospheric burden are not Und_erStoo_d (Pragbed., 2001)  anq the thicker lines are the de-seasonalized global average trends from both
but are clearly related to changes in the imbalance betwegn Chtworks. (b) Annual growth rate @pbglobal atmospherig ttindance
sources and sinks. Most (;h* removed from the atmosphere from 1984 through the end of 2005 (NOAA/GMD, blue), and from 1988 to the end

by reaction with the hvdroxvl free radical (OH) which is of 2005 (AGAGE, red). To derive the growth rates and their uncertainties for each
y Y y ! month, a linear least squares method that takes account of the autocorrelation of

prodgced photo_chemically in .the atmoth_ere-_ The mle. Ofresiduals is used. This follows the methods of Wang et al. (2002) and is applied
OH in controlling atmospheric CHlevels is discussed in to the de-seasonalized global mean mole fractions from (a) for values six months

Section 2.3.50ther minor sinks include reaction with free before and after the current month. The vertical lines indicate +2 standard deviation

; . ; ; uncertainties (95% conbdence interval), and 1 standard deviation uncertainties are
chiorine (Platet al., 2004; Allaret al., 2005), destructioninthe | ocn'o 1 and 1.4 pptsfar both AGAGE and NOAA/GMD. Note that the differ-

stratosphere and soil sinks (B@T]al-' 1990)- ences between AGAGE and NOAA/GMD calibration scales are determined through
The total global CH source is relatively well known but occasional intercomparisons.

the strength of each source component and their trends are
not. As detailed in Section 7.4, the sources are mostly biogensink (OH; see Section 2.3.5 and Figure 2.8) implies that CH
and include wetlands, rice agriculture, biomass burning anémissions are not increasing. Similarly, Dlugokencky et al.
ruminant animals. Methane is also emitted by various industriglL998) and Francey et 4[1999) suggested that the slowdown
sources including fossil fuel mining and distribution. Prather ein the growth rate féects a stabilisation of GHemissions,
al. (2001) documented a large range in ‘bottom-up’ estimategiven that the observations are consistent with stable emissions
for the global source of CHNew source estimates published and lifetime since 1982.
since then are documented in Table 7.6. However, as reported byRelatively large anomalies occurred in the growth rate
Bergamaschi et §R005), national inventories based on ‘bottom-during 1991 and 1998, with peak values reaching 15 and 14
up’ studies can grossly underestimate emissions and ‘toppb yrl, respectively (about 1% ). The anomaly in 1991
down’ measurement-based assessments of reported emissiaras followed by a dramatic drop in the growth rate in 1992
will be required for vetbcation. Keppler et al. (2006) reported and has been linked with the Mt. Pinatubo volcanic eruption in
the discovery of emissions of Glfom living vegetation and June 1991, which injected large amounts of ash and (sulphur
estimated that this contributed 10 to 30% of the globaj CHdioxide) SQ into the lower stratosphere of the tropics with
source. This work extrapolates limited measurements to a globslibsequent impacts on tropical photochemistry and the removal
source and has not yet been leaned by other laboratories, of CH, by atmospheric OH (Beklgt al., 1994; Dlugokencky
but lends some support to space-borne observations pf Cldt al., 1996). Lelieveld et al. (1998) and Walter ef2001a,b)
plumes above tropical rainforests reported by Frankenberg ptoposed that lower temperatures and lower precipitation in the
al. (2005). That such a potentially large source of, Céuld  aftermath of the Mt. Pinatubo eruption could have suppressed
have been missed highlights the large uncertainties involvedH, emissions from wetlands. At this time, and in parallel with
in current ‘bottom-up’ estimates of components of the globalhe growth rate anomaly in the ¢lixing ratio, an anomaly
source (see Section 7.4). was observed in th8C/12C ratio of CH, at surface sites in the
Several wide-ranging hypotheses have been put forwar@H. This was attributed to a decrease in emissions from an
to explain the reduction in the GHgrowth rate and its isotopically heavy source such as biomass burning (lehak,
variability. For example, Hansen et £2000) considered that 1997; Mak et al., 2000), although these data were ndirowed
economic incentives have led to a reduction in anthropogentty lower frequency measurements from the same period made
CH, emissions. The negligible long-term change in its mairby Francey et al. (1999).
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For the relatively large increase in the Chrowth rate 2.3.3 Other Kyoto Protocol Gases
reported for 1998, Dlugokencky et #2001) suggested that
wetland and boreal biomass burning sources might have Atthe time of the TAR, DO had the fourth largest RF among
contributed to the anomaly, noting that 1998 was the warmethe LLGHGs behind C% CH, and CFC-12. The TAR quoted
year globally since surface instrumental temperature records) atmospheric JO abundance of 314 ppb in 1998, an increase
began. Using an inverse method, Chen and Prinn (2006f 44 ppb from its pre-industrial level of around 270 + 7 ppb,
attributed the same event primarily to increased wetland anshich gave an RF of +0.15 + 0.02 W4This RF is affected by
rice region emissions and secondarily to biomass burningtmospheric Chllevels due to overlapping absorptions. AON
The same conclusion was reached by Morimoto et al. (2006} also the major source of ozone-depleting nitric oxide (NO)
who used carbon isotopic measurements of, @Hconstrain ~ and nitrogen dioxide (N£) in the stratosphere, it is routinely
the relative contributions of biomass burning (one-third) andeviewed in the ozone assessments; the most recent assessment

wetlands (two-thirds) to the increase.

(Montzkaet al., 2003) recommended an atmospheric lifetime

Based on ice core measurements of, CEtheridgeet al.,  of 114 years for BD. The TAR pointed out large uncertainties
1998), the pre-industrial global value for Cftom 1700 to in the major soil, agricultural, combustion and oceanic sources
1800 was 715 + 4 ppb (it was also 715 + 4 ppb in 1750), thuaf N,O. Given these emission uncertainties, its observed rate of
providing the reference level for the RF calculation. This take#icrease of 0.2 to 0.3%-yrwas not inconsistent with its better-
into account the inter-polar difference in £&t measured from quantbPed major sinks (principally stratospheric destruction).

Greenland and Antarctic ice cores.

The primary driver for the industrial era increase gDNvas

The RF due to changes in ¢lrixing ratio is calculated concluded to be enhanced microbial production in expanding
with the simplbed yet still valid expression for GHjiven in  and fertilized agricultural lands.
Ramaswamy et al. (2001). The change in thg @Eting ratio Ice core data for JO have been reported extending back
from 715 ppb in 1750 to 1,774 ppb (the average mixing rati@,000 years and more before present (MacFarling Meure et
from the AGAGE and GMD networks) in 2005 gives an RFal., 2006; Section 6.6). These data, as fop @@l CH, show
of +0.48 £ 0.05 W n#, ranking CH as the second highest RF relatively little changes in mixing ratios over tkest 1,800
of the LLGHGs after CQ(Table 2.1). The uncertainty range years of this record, and then exhibit a relatively rapid rise (see
in mixing ratios for the present day represents intra-annudAQ 2.1, Figure 1). Since 1998, atmospheri©ONevels have
variability, which is not included in the pre-industrial uncertaintysteadily risen to 319 = 0.12 ppb in 2005, and levels have been
estimate derived solely from ice core sampling precision. Thicreasing approximately linearly (at around 0.26%)yor the
estimate for the RF due to G4 the same as in Ramaswamy etpast few decades (Figure 2.5). A change in @ Mixing ratio

al. (2001) despite the small increase in its
mixing ratio. The spectral absorption by
CH, is overlapped to some extent byON

lines (taken into account in the sinipd
expression). Taking the overlapping lines
into account using current,® mixing

ratios instead of pre-industrial mixing &
ratios (as in Ramaswamy et al., 2001)
reduces the current RF due to Chy
1%.

Collins et al. (2006) cdermed that
line-by-line models agree extremely
well for the calculation of clear-sky
instantaneous RF from GHand NO
when the same atmospheric background
proble is used. However, GCM radiation
schemes were found to be in poor
agreement with the line-by-line models,
and errors of over 50% were possible for
CH,, N,O and the CFCs. In addition, a
small effect from the absorption of solar
radiation was found with the line-by-line
models, which the GCMs did not include
(Section 10.2).

mole fraction (ppb
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Figure 2.5. Hemispheric monthly megh idole fractions (ppb) (crosses for the NH and triangles for the
SH). Observatioimss(ty of NO from the Atmospheric Lifetime Experiment (ALE) and GAGE (through th
mid-1990s) and AGAGE (since the mid-1990s) networks (Prinn et al., 2000, 2005b) are shown with n
standard deviations. Data from NOAA/GMD are shown without these standard deviations (Thompsor
2004). The general decrease in the variability of the measurements over time is due mainly to improv
instrumental precision. The real signal emerges only in the last decade.
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from 270 ppb in 1750 to 319 ppb in 2005 results in an RF afpecies. Table 2.1 shows the present mixing ratio and recent
+0.16 £ 0.02 W n#, calculated using the simpkd expression trends in the halocarbons and their RFs. Absorption spectra of
given in Ramaswamy et al. (2001). The RF has increased Imgost halocarbons reviewed here and in the following section
11% since the time of the TAR (Table 2.1). As CFC-12 levelare characterised by strongly overlapping spectral lines that
slowly decline (see Section 2.3.4),Ishould, with its current are not resolved at tropospheric pressures and temperatures,
trend, take over third place in the LLGHG RF ranking. and there is some uncertainty in cross section measurements.
Since the TAR, understanding of regiongONBuxes has Apart from the uncertainties stemming from the cross sections
improved. The results of various studies that qlrectithe themselves, differences in the radiati¥ex calculations can
global N,O emissions from coastal upwelling areas, continentadrise from the spectral resolution used, tropopause heights,
shelves, estuaries and rivers suggest that these coastal areatical, spatial and seasonal distributions of the gases, cloud
contribute 0.3 to 6.6 TgN y¥ of N,O or 7 to 61% of the total cover and how stratospheric temperature adjustments are
oceanic emissions (Bange et al., 1996; Nevison et al., 2004performed. IPCC/TEAP (2005) concluded that the discrepancy
Kroeze et al., 2005; see also Section 7.4). Using inverda the RF calculation for different halocarbons, associated with
methods and AGAGE Ireland measurements, Manning et alincertainties in the radiative transfer calculation and the cross
(2003) estimated EU JO emissions of 0.9 + 0.1 TgN-¥that ~ sections, can reach 40%. Studies reviewed in IPCC/TEAP
agree well with the United Nations Framework Convention2005) for the more abundant HFCs show that an agreement
on Climate Change (UNFCCC) .0 inventory (0.8 £ 0.1 better than 12% can be reached for these when the calculation
TgN yr1). Melillo et al. (2001) provided evidence from conditions are better constrained (see Section 2.10.2).
Brazilian land use sequences that the conversion of tropical The HFCs of industrial importance have lifetimes in the
forest to pasture leads to an initial increase but a later declimange 1.4 to 270 years. The HFCs with the largest observed
in emissions of BO relative to the original forest. They also mole fractions in 1998 (as reported in the TAR) were, in
deduced that Brazilian forest soils alone contribute about 10%escending order, HFC-23, HFC-134a and HFC-152a. In
of total global NO production. Estimates of ® sources 2005, the observed mixing ratios of the major HFCs in the
and sinks using observations and inverse methods had earl@mosphere were 35 ppt for HFC-134a, 17.5 ppt for HFC-
implied that a large fraction of global,®8 emissions in 1978 23 (2003 value), 3.7 ppt for HFC-125 and 3.9 ppt for HFC-
to 1988 were tropical: spamally 20 to 29% from 0° to 30°S 152a (Table 2.1). Within the uncertainties in calibration and
and 32 to 39% from 0° to 30°N compared to 11 to 15% fronemissions estimates, the observed mixing ratios of the HFCs
30°S to 90°S and 22 to 34% from 30°N to 90°N (Penmal., in the atmosphere can be explained by the anthropogenic
1990). These estimates were uncertain due to theisigmi  emissions. Measurements are available from GMD (Thompson
sensitivity to assumed troposphere-stratosphere exchange rag¢sl., 2004) and AGAGE (Priret al., 2000; O’'Dohertgt al.,
that strongly iffuence inter-hemispheric gradients. Hirsch et al2004; Prinret al., 2005b) networks as well as from University
(2006) used inverse modelling to estimate $igantly lower  of East Anglia (UEA) studies in Tasmania (updated from Oram
emissions from 30°S to 90°S (0 to 4%) and higher emissionst al., 1998; Oram, 1999). These data, summarised in Figure
from 0° to 30°N (50 to 64%) than Prinn et @l990) during 2.6, show a continuation of positive HFC trends and increasing
1998 to 2001, with 26 to 36% from the oceans. The stratosphelaitudinal gradients (larger trends in the NH) due to their
is also proposed to play an important role in the seasonal cyclpeedominantly NH sources. The air conditioning refrigerant
of N,O (Nevisonet al., 2004a). For example, its wellied  HFC-134a is increasing at a rapid rate in response to growing
seasonal cycle in the SH has been interpreted as resulting framissions arising from its role as a replacement for some CFC
the net effect of seasonal oceanic outgassing of microbiallsefrigerants. With a lifetime of about 14 years, its current trends
produced MO, stratospheric intrusion of low»® air and other are determined primarily by its emissions and secondarily by
processes (Nevisaet al., 2005). Nevison et al. also estimatedits atmospheric destruction. Emissions of HFC-134a estimated
a Southern Ocean (30°S—90°S)Nsource of 0.9 TgN V¥, from atmospheric measurements are in approximate agreement
or about 5% of the global total. The complex seasonal cycle with industry estimates (Huang and Prinn, 2002; O’Doherty
the NH is more dibcult to reconcile with seasonal variations in et al., 2004). IPCC/TEAP (2005) reported that global HFC-
the northern latitude soil sources and stratospheric intrusiois84a emissions started rapidly increasing in the early 1990s,
(Prinnet al., 2000; T. Liaet al., 2004). The destruction of®  and that in Europe, sharp increases in emissions are noted for
in the stratosphere causes enrichment of its heavier isotopométBC-134a from 1995 to 1998 and for HFC-152a from 1996 to
and isotopologues, providing a potential method to differentiat2000, with some levelling off through 2003. The concentration
stratospheric and surfa@eix inBuences on tropospheric,®  of the foam blower HFC-152a, with a lifetime of only about 1.5
(Morganet al., 2004). years, is rising approximately exponentially, with the effects of
Human-made PFCs, HFCs and ;S&re very effective increasing emissions only partly offset by its rapid atmospheric
absorbers of infrared radiation, so that even small amounts déstruction. HydrBuorocarbon-23 has a very long atmospheric
these gases contribute sigoantly to the RF of the climate lifetime (approximately 270 years) and is mainly produced as
system. The observations and global cycles of the major HFCs, by-product of HCFC-22 production. Its concentrations are
PFCs and Sfwere reviewed in Velderst al. (2005), and this rising approximately linearly, driven by these emissions, with
section only provides a brief review and an update for thesés destruction being only a minor factor in its budget. There are
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also smaller but rising concentrations of HFC-125 and HFC2.3.4 Montreal Protocol Gases
143a, which are both refrigerants.

The PFCs, mainly GHPFC-14) and &, (PFC-116), and The Montreal Protocol on Substances that Deplete the Ozone
SF; have very large radiative diencies and lifetimes in the Layer regulates many radiatively powerful greenhouse gases
range 1,000 to 50,000 years (see Section 2.10, Table 2.14), dodthe primary purpose of lowering stratospheric chlorine and
make an essentially permanent contribution to RF. TR@&  bromine concentrations. These gases include the CFCs, HCFCs,
C,Fg concentrations and RFs have increased by over 20% sincklorocarbons, bromocarbons and halons. Observations and
the TAR (Table 2.1 and Figure 2.6), but afoncentrations global cycles of these gases were reviewed in detail in Chapter
have not been updated since 1997. Both anthropogenic afhafthe 2002 Scieritc Assessment of Ozone Depletion (WMO,
natural sources of GFRare important to explain its observed 2003) and in IPCC/TEAP (2005). The discussion here focuses
atmospheric abundance. These PFCs are produced as by developments since these reviews and on those gases that
products of traditional aluminium production, among othercontribute most to RF rather than to halogen loading. Using
activities. The Cfconcentrations have been increasing linearlyobserved 2005 concentrations, the Montreal Protocol gases have
since about 1960 and ¢Ras a natural source that accounts forcontributed 12% (0.320 W) to the direct RF of all LLGHGs
about one-half of its current atmospheric content (Harrésch and 95% to the halocarbon RF (Table 2.1). This contribution is
al., 1996). Sulphur heRaioride (SE) is produced for use as an dominated by the CFCs. The effect of the Montreal Protocol on
electrical insulatind3uid in power distribution equipment and these gases has been substantial. IPCC/TEAP (2005) concluded
also deliberately released as an essentially inert tracer to stutiat the combined C@equivalent emissions of CFCs, HCFCs
atmospheric and oceanic transport processes. Its concentrateomd HFCs decreased from a peak of about 7.5 G#gG/r!
was 4.2 ppt in 1998 (TAR) and has continued to increase the late 1980s to about 2.5 Gtg&é€x yr! by the year 2000,
linearly over the past decade, implying that emissions areorresponding to about 10% of that year’s,@&missions due
approximately constant. Its very long lifetime ensures that its global fossil fuel burning.
emissions accumulate essentially unabated in the atmosphere. Measurements of the CFCs and HCFCs, summarised in
Figure 2.6, are available from the AGAGE network (Prétn
al., 2000, 2005b) and the GMD network (Montzka et al., 1999
updated; Thompson et al., 2004). Certdask measurements
are also available from the University of California at Irvine
(UCI; Blake et al., 2001 updated) and UEA (Oraal., 1998;
Oram, 1999 updated). Two of the major CFCs (CFC-11 and
i CFC-113) have both been decreasing in the atmosphere since

W the mid-1990s. While their emissions have decreased very
100 - substantially in response to the Montreal Protocol, their long
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/ <, lifetimes of around 45 and 85 years, respectively, mean that their
E CF, / sinks can reduce their levels by only about 2% and 1% yr
i C/(c\\ respectively. Nevertheless, the effect of the Montreal Protocol

has been to substantially reduce the growth of the halocarbon
RF, which increased rapidly from 1950 until about 1990. The
other major CFC (CFC-12), which is the third most important
LLGHG, is Pnally reaching a plateau in its atmospheric levels
(emissions equal loss) and may have peaked in 2003. Its 100-
year lifetime means that it can decrease by only about %6 yr
even when emissions are zero. The levelling off for CFC-12 and
approximately linear downward trends for CFC-11 and CFC-
L . L W T 113 continue. Latitudinal gradients of all three are very small
1980 1985 1990 1995 2000 2005  and decreasing as expected. The combined CFC and HCFC
Year RF has been slowly declining since 2003. Note that the 1998
concentrations of CFC-11 and CFC-12 were overestimated in
Figure 2.6. Temporal evolution of the global average dry-air mole fractions (gpgble 6.1 of the TAR. This means that the total halocarbon RF
of the major ha'oge?'cfontait?]i”%é';\%HEGS-J*"\Iegi Z/é"‘,\:%wﬂting E‘Of":th'yl " lFl]Otted for 2005 in Table 2.1 (0.337 Wnis slightly smaller
nmei\?vgmizf:erzn;re;asver(r)arlgedewith equala\:]veight when botﬂea\;\(leO;vS;ila%rI; E\i/\rllh)i/]:g'aeiﬂgt%e 0.34 W Iﬁ qUOted in the TAR,’ even thoth the
ences exist, these network measurements agree reasonably well with each dfAg&asurements indicate a small 1% rise in the total halocarbon
(except for GQtiifferences of 2 B 4% between networks) and HCFC-142b (diflRF since the time of the TAR (Table 2.1).
ences of 3 B 6% between networks)), and with other measurements where availgqtpg major solvent, methyl chloroform (GECI,), is of
(see textfor references for each gas). special importance regarding RFs, not because of its small RF
(see Table 2.1 and Figure 2.6), but because this gas is widely

HFC-134a

T

mole fraction (ppt)
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used to estimate concentrations of OH, which /[~ T~~~ "o T T T T

. o ) L CO, N,O CH, 1
is the major sink species for GHHFCs, and CFC-11 CEC-12 CFC-113

HCFCs and a major production mechanism i
for sulphate, nitrate and some organic aerosols,
as discussed in Section 2.3.5. The globafz
atmospheric methyl chloroform concentration
rose steadily from 1978 to reach a maximum in
1992 (Prinret al., 2001; Montzkat al., 2003).
Since then, concentrations have decreased [
rapidly, driven by a relatively short lifetime r
of 4.9 years and phase-out under the Montreal -
Protocol, to levels in 2003 less than 20% of the N
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levels when AGAGE measurements peaked

in 1992 (Prinnet al., 2005a). Emissions of
methyl chloroform determined from industry

data (McCulloch and Midgley, 2001) may .02
be too small in recent years. The 2000 to -
2003 emissions from Europe estimated using 001
surface observations (Reimamnt al., 2005) - r
show that 1.2 to 2.3 Gg-yrneed to be added 5000
over this 4-year period to the above industry“
estimates for Europe. Estimates of European 0911~ HcFc-142b  HFC-125
emissions in 2000 exceeding 20 Gg (Keol ~  r Gf  HCFGTae o
al., 2003) are not supported by analyses of the o woama 0.0008
above extensive surface data (Reimanml., - !

2005). From multi-year measurements, Li et
al. (2005) estimated 2001 to 2002 emissions
from the USA of 2.2 Gg yt (or about half of
those estimated from more temporally but less
geographically limited measurements by Millet
and Goldstein, 2004), and suggested that 1996 .
to 1998 US emissions may be underestimated 1980
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by an average of about 9.0 Gghyover this 3- Year
year period. East Asian emissions deduced from
aircraft data in 2001 are about 1.7 Gg above pressed inommon units of Gt€yFhese rates are compéitenh their actual annual mass changes

industry data (Palmeet al., 2003; see also in Gt (as derived from their observed global and annual average mole fractions presented in Figures
Yokouchi et al.2005) while recent Australian 2.3 to 2.6 and discussed in Sections 2.3.1 to 2.3.4) by multiplying them by their GWPs for 100-year time
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Figure 2.7. Annual rates of change in the global atmospheric masses of each of the major LLGHGs ex-

and Russian emissions are nealigible (PEinn horizons and then dividing by the ratio of, tieec@®on (C) masses (44/12). Thesareafesitive
) giig or negative whenever the mole fractions are increasing or decreasing, Usgpefcthedg com-
al., 2001; Hurset al., 2904)- ) mon units provides an approximate way to intercompare the Buxes of LLGHGS, using the same approa
Carbon tetrachloride (CQl is the employed to intercompare the values of LLGHG emissions under the Kyoto Protocol (see, e.g., Prinn,
second mostapidly decreasing atmospheric _2004). Note that the r_legat_ive indirect RF of CFCs and HCFCs dug to _stratospheric ozone d_epletion isn
chlorocarbon after methyl chloroform included. The oscillations in the@#e may result partly from truncation in reported mole fractions.

Levels peaked in early 1990 and decreased
approximately linearly since then (Figure 2.7).
Its major use was as a feedstock for CFC manufacturing. Unlikgarted increasing quickly in the early 1990s and then began to
methyl chloroform, a sigicant inter-hemispheric CQjradient  decrease after 2000.
still exists in 2005 in spite of its moderately long lifetime of To provide a direct comparison of the effects on global
20 to 30 years, resulting from a persistence of biganit NH ~ warming due to the annual changes in each of the nogn-CO
emissions. greenhouse gases (discussed in Sections 2.3.2, 2.3.3 and 2.3.4)
HCFCs of industrial importance have lifetimes in the rangeelative to CQ, Figure 2.7 shows these annual changes in
of 1.3 to 20 years. Global and regional emissions of the CFGgmospheric mass multiplied by the GWP (100-year horizon)
and HCFCs have been derived from observed concentratiof® each gas (e.g., Prinn, 2004). By expressing them in this way,
and can be used to check emission inventory estimatethe observed changes in all non-gfases in GtC equivalents
Montzka et al. (2003) and IPCC/TEAP (2005) concluded thaand the sigiecant roles of Ci N,O and many halocarbons are
global emissions of HCFC-22 rose steadily over the periostery evident. This highlights the importance of considering the
1975 to 2000, while those of HCFC-141b and HCFC-142kull suite of greenhouse gases for RF calculations.
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2.3.5 Trends in the Hydroxyl Free Radical SH OH decreasing from 1979 to 1989 and staying essentially
constant after that. Using the same AGAGE data and identical
The hydroxyl free radical (OH) is the major oxidizing methyl chloroform emissions, a three-dimensional model
chemical in the atmosphere, destroying about 3.7 Gt of traamnalysis (Krol and Lelieveld, 2003) supported qualitatively
gases, including CHand all HFCs and HCFCs, each year(but not quantitatively) the earlier result (Prighal., 2001)
(Ehhalt, 1999). It therefore has a very sigant role in that OH concentrations increased in the 1980s and declined
limiting the LLGHG RF. IPCC/TEAP (2005) concluded thatin the 1990s. Prinn et al. (2001) also estimated the emissions
the OH concentration might change in the 21st century by —li@quired to provide a zero trend in OH. These required methyl
to +5% depending on the emission scenario. The large-scateloroform emissions differed substantially from industry
concentrations and long-term trends in OH can be inferredstimates by McCulloch and Midgley (2001) particularly for
indirectly using global measurements of trace gases for whick996 to 2000. However, Krol and Lelieveld (2003) argued that
emissions are well known and the primary sink is OH. The beshe combination of possible underestimated recent emissions,
trace gas used to date for this purpose is methyl chlorofornespecially the >20 Gg European emissions deduced by Krol
long-term measurements of this gas are reviewed in Secti@t al. (2003), and the recent decreasing effectiveness of the
2.3.4. Other gases that are useful OH indicators inéH€i®,  stratosphere as a sink for tropospheric methyl chloroform, may
which is produced primarily by cosmic rays (Lowe and Allan,be subcient to yield a zero deduced OH trend. As discussed
2002). While the accuracy of tHéCO cosmic ray and other in Section 2.3.4, estimates of European emissions by Reimann
14CO source estimates and the frequency and spatial coveragfeal. (2005) are an order of magnitude less than those of Krol
of its measurements do not match those for methyl chlorofornet al. (2003). In addition, Prinn et al. (2005a) extended the
thel4CO lifetime (2 months) is much shorter than that of methylOH estimates through 2004 and showed that the Prinn et al.
chloroform (4.9 years). As a restCO provides estimates of (2001) decadal and interannual OH estimates remain valid even
average concentrations of OH that are more regional, and @dter accounting for the additional recent methyl chloroform
capable of resolving shorter time scales than those estimatethissions discussed in Section 2.3.4. They also kFeowd
from methyl chloroform. Thé&4CO source variability is better the OH maximum around 1989 and a larger OH minimum
debned than its absolute magnitude so it is better for inferringround 1998, with OH concentrations then recovering so that
relative rather than absolute trends. Another useful gas is the2003 they were comparable to those in 1979. They noted that
industrial chemical HCFC-22. It yields OH concentrationsthe 1997 to 1999 OH minimum coincides with, and is likely
similar to those derived from methyl chloroform, but with lesscaused by, major global witdes and an intense El Nifio at that
accuracy due to greater uncertainties in emissions and letiie. The 1997 Indonesidpres alone have been estimated to
extensive measurements (Millet al., 1998). The industrial have lowered global late-1997 OH levels by 6% due to carbon
gases HFC-134a, HCFC-141b and HCFC-142b are potentiallmonoxide (CO) enhancements (Duneaml., 2003).
useful OH estimators, but the accuracy of their emission Methyl chloroform is also destroyed in the stratosphere.
estimates needs improvement (Huang and Prinn, 200Because its stratospheric loss frequency is less than that in the
O’Dohertyet al., 2004). troposphere, the stratosphere becomes a less effective sink for
Indirect measurements of OH using methyl chloroformtropospheric methyl chloroform over time (Krol and Lelieveld,
have established that the globally weighted average OBRO003), and even becomes a small source to the troposphere
concentration in the troposphere is roughlf t&dicals per beginningin 1999 in the reference case in the Prinn et al. (2001,
cubic centimetre (Prinat al., 2001; Krol and Lelieveld, 2003). 2005a) model. Loss to the ocean has usually been considered
A similar average concentration is derived usifgO (Quay irreversible, and its rates and uncertainties have been obtained
et al., 2000), although the spatial weighting here is differenfrom observations (Yvon-Lewis and Butler, 2002). However,
Note that methods to infer global or hemispheric average OM/ennberg et al. (2004) recently proposed that the polar oceans
concentrations may be insensitive to compensating regional Otday have effectively stored methyl chloroform during the pre-
changes such as OH increases over continents and decreases ©96@ years when its atmospheric levels were rising, but began
oceans (Lelieveld et al., 2002). In addition, the quoted absolute-emitting it in subsequent years, thus reducing the overall
OH concentrations (but not their relative trends) depend on theceanic sink. Prinn et al. (2005a) tried both approaches and
choice of weighting (e.g., Lawrence et al., 2001). While thdound that their inferred interannual and decadal OH variations
global average OH concentration appears fairly welinge  were present using either formulation, but inferred OH was
by these indirect methods, the temporal trends in OH are molewer in the pre-1992 years and higher after that using the
difpcult to discern since they require long-term measurementsyennberg et al. (2004) formulation.
optimal inverse methods and very accurate calibrations, model More recently, Bousquet et al. (2005) used an inverse
transports and methyl chloroform emissions data. From AGAGEhethod with a three-dimensional model and methyl chloroform
methyl chloroform measurements, Prinn et al. (2001) inferrecheasurements and concluded that substantial year-to-year
that global OH levels grew between 1979 and 1989, but therariations occurred in global average OH concentrations
declined between 1989 and 2000, and also exhibitedosigmi  between 1980 and 2000. This conclusion was previously
interannual variations. They concluded that these decadedached by Prinn et al. (2001), but subsequently challenged
global variations were driven principally by NH OH, with by Krol and Lelieveld (2003) who argued that these variations
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were caused by model shortcomings and that models negdH estimates, which account for these emission uncertainties
in particular, to include observationally-based, interannuallyusing Monte Carlo ensembles of inversions, also easily allow
varying meteorology to provide accurate annual OH estimatesuch a reduction in OH variability (thin vertical bars in Figure
Neither the two-dimensional Prinn et al. (2001) nor the2.8). This implies that these interannual OH variations are real,
three-dimensional Krol et al. (2003) inversion models usetbut only their phasing and not their amplitude, is welbrd.
interannually varying circulation. However, the Bousquet et alBousquet et al. (2005) also deduced that OH in the SH shows a
(2005) analysis, which uses observationally based meteorologgro to small negative trend, in qualitative agreement with Prinn
and estimates OH on monthly time scales, yields interannuat al. (2001). Short-term variations in OH were also recently
OH variations that agree very well with the Prinn et al. (20013leduced by Manning et al. (2005) using 13 years4Gf

and equivalent Krol and Lelieveld (2003) estimates (see Figumaeasurements in New Zealand and Antarctica. They found no
2.8). However, when Bousquet et@005) estimated both OH signibcant long-term trend between 1989 and 2003 in SH OH
concentrations and methyl chloroform emissions (constrainelout provided evidence for recurring multi-month OH variations
by their uncertainties as reported by McCulloch and Midgleypf around 10%. They also deduced even larger (20%) OH
2001), the OH variations were reduced by 65% (dashed lingecreases in 1991 and 1997, perhaps triggered by the 1991 Mt.
in Figure 2.8). The error bars on the Prinn et al. (2001, 2005&)jnatubo eruption and the 1997 Indone$ieas. The similarity
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Figure 2.8. Estimates used to evaluate trends in weighted global average OH concentrations. (A) and (B): comparison of 1&3(rel4€96 ©Hhamiong-

term means) inferred by Bousquet et al. (2005), Prinn et al. (2001) and Krol et al. (2003) from AGAGE methyboh)@nodoom Bbssquat et al. (2005)méthyl

chloroform emissions as well as OH are inferred; error bars for Bousquet et al. (2005) refer to 1 standarcedermtidnléanyeltsiorareas refer to the envelope of

their 18 OH inversions. (C) OH concentrations for 1979 to 2003 inferred by Prinn et al. (2005a) (utilising orderstiey esirggi@tent methyl chloroform observa-

tions), showing the recovery of 2003 OH levels to 1979 levels; also showsamirguiteorrected emissions and estimates of recent oceanic re-emissions. Error bars
in Prinn et al. (2001, 2005a) are 1 standard deviation and include inversion, model, emission and calibratidhoeteGarione fmgmbles (see Section 2.3.5 for

details and references).
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of many of these results to those from methyl chlorofornl980 values (WMO, 2003). Ozone decreases over the Arctic
discussed above is very important, given the independence lafve been less severe than have those over the Antarctic, due
the two approaches. to higher temperature in the lower stratosphere and thus fewer
RF calculations of the LLGHGs are calculated frompolar stratospheric clouds to cause the chemical destruction.
observed trends in the LLGHG concentrations and thereforrctic stratospheric ozone levels are more variable due to
OH concentrations do not directly affect them. Neverthelesmterannual variability in chemical loss and transport.
OH trends are needed to quantify LLGHG budgets (Section The temporally and seasonally non-uniform nature of
7.4) and for understanding future trends in the LLGHGs andtratospheric ozone trends has important implications for the

tropospheric ozone. resulting RF. Global ozone decreases result primarily from
changes in the lower stratospheric extratropics. Total column
2.3.6 Ozone ozone changes over the mid-latitudes of the SH aresignily

larger than over the mid-latitudes of the NH. Averaged over

In the TAR, separate estimates for RF due to changes the period 2000 to 2003, SH values are 6% below pre-1980
tropospheric and stratospheric ozone were given. Stratosphevialues, while NH values are 3% lower. There is also baamit
ozone RF was derived from observations of ozone changeasonality in the NH ozone changes, with 4% decreases in
from roughly 1979 to 1998. Tropospheric ozone RF was basedinter to spring and 2% decreases in summer, while long-term
on chemical model results employing changes in precurs@H changes are roughly 6% year round (WMO, 2003). Southern
hydrocarbons, CO and nitrogen oxides (IN@ver the satellite Hemisphere mid-latitude ozone shows dfgaint decreases
era (since approximately 1980), stratospheric ozone trendhiring the mid-1980s and essentially no response to the effects
have been primarily caused by the Montreal Protocol gasesfthe Mt. Pinatubo volcanic eruption in June 1991; both of these
and in Ramaswamy et al. (2001) the stratospheric ozone R€atures remain unexplained. Pyle et al. (2005) and Chaplukr
was implicitly attributed to these gases. Studies since then haeeal.(2003) assessed several studies that show that a substantial
investigated a number of possible causes of ozone change in frection (roughly 30%) of NH mid-latitude ozone trends are not
stratosphere and troposphere and the attribution of ozone trerdigectly attributable to anthropogenic chemistry, but are related
to a given precursor is less clear. Nevertheless, stratospheticdynamical effects, such as tropopause height changes. These
ozone and tropospheric ozone RFs are still treated separatelynamical effects are likely to have contributed a larger fraction
in this report. However, the RFs are more associated with tha the ozone RF in the NH mid-latitudes. The only study to
vertical location of the ozone change than they are with thassess this found that 50% of the RF related to stratospheric

agent(s) responsible for the change. ozone changes between 20°N to 60°N over the period 1970 to
1997 is attributable to dynamics (Forster and Tourpali, 2001).
2.3.6.1 Stratospheric Ozone These dynamical changes may well have an anthropogenic

origin and could even be partly caused by stratospheric ozone

The TAR reported that ozone depletion in the stratosphem@hanges themselves through lower stratospheric temperature
had caused a negative RF of —0.15 W as a best estimate over changes (Chippeeldet al., 2003; Santeat al., 2004), but are
the period since 1750. A number of recent reports have assessed directly related to chemical ozone loss.
changes in stratospheric ozone and the research into its causesAt the time of writing, no study has utilised ozone trend
including Chapters 3 and 4 of the 2002 Sclemfissessment of observations after 1998 to update the RF values presented
Ozone Depletion (WMO, 2003) and Chapter 1 of IPCC/TEARN Ramaswamy et al. (2001). However, Hansen et al. (2005)
(2005). This section summarises the material from these reporgpeated the RF calculation based on the same trend data set
and updates the key results using more recent research. employed by studies assessed in Ramaswamy et al. (2001)

Global ozone amounts decreased between the late 197@sd found an RF of roughly —0.06 W-4nA considerably
and early 1990s, with the lowest values occurring duringtronger RF of —0.2 + 0.1 W-fhpreviously estimated by the
1992 to 1993 (roughly 6% below the 1964 to 1980 average$ame group affected the Ramaswamy et al. (2001) assessment.
and slightly increasing values thereafter. Global ozone for th€he two other studies assessed in Ramaswamy et al. (2001),
period 2000 to 2003 was approximately 4% below the 1964sing similar trend data sets, found RFs of —0.01 ¥ and
to 1980 average values. Whether or not recently observed.10 W m2. Using the three estimates gives a revision of the
changes in ozone trends (Newchuettal., 2003; Weatherhead observationally based RF for 1979 to 1998 to about —0.05 +
and Andersen, 2006) are already indicative of recovery of th@.05 W n12,
global ozone layer is not yet clear and requires more detailed Gauss et al(2006) compared results from six chemical
attribution of the drivers of the changes (Steinbresthal., transport models that included changes in ozone precursors to
2004a (see also comment and reply: Cunnold et al., 2004 asonulate both the increase in the ozone in the troposphere and
Steinbrechtet al.,2004b); Hadjinicolaotet al., 2005; Krizan the ozone reduction in the stratosphere over the industrial era.
and Lastovicka, 2005; Weatherhead and Andersen, 2006). TR@e 1850 to 2000 annually averaged global mean stratospheric
largest ozone changes since 1980 have occurred during the lamne column reduction for these models ranged between 14 and
winter and spring over Antarctica where average total colum@9 Dobson units (DU). The overall pattern of the ozone changes
ozone in September and October is about 40 to 50% below prigem the models were similar but the magnitude of the ozone
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changes differed. The models showed a reduction in the ozotiee stratosphere (due to ozone depletion in the stratosphere),
at high latitudes, ranging from around 20 to 40% in the SH anthe new models include this process (Gatsal., 2006). This
smaller changes in the NH. All models have a maximum ozongdvancement in modelling capabilities and the need to be
reduction around 15 km at high latitudes in the SH. Differencesonsistent with how the RF due to changes in stratospheric
between the models were also found in the tropics, with son@zone is derived (based on observed ozone changes) have led
models simulating about a 10% increase in the lower stratosphdtea change in the Baition of RF due to tropospheric ozone
and other models simulating decreases. These differencesmpared with that in the TAR. Changes in tropospheric ozone
were especially related to the altitude where the ozone tremtlie to changes in transport of ozone across the tropopause,
switched from an increase in the troposphere to a decreasewiich are in turn caused by changes in stratospheric ozone, are
the stratosphere, which ranged from close to the tropopauseriow included.
around 27 km. Several studies have shown that ozone changeslrends in anthropogenic emissions of ozone precursors for
in the tropical lower stratosphere are very important for thé¢he period 1990 to 2000 have been compiled by the Emission
magnitude and sign of the ozone RF (Ramaswamy et al., 200Database for Global Atmospheric Research (EDGAR)
The resulting stratospheric ozone RF ranged between —0.12 atmhsortium (Olivier and Berdowski, 2001 updated). For
+0.07 W m2. Note that the models with either a small negativespecbc regions, there is sigptant variability over the period
or a positive RF also had a small increase in tropical lowedue to variations in the emissions from open biomass burning
stratospheric ozone, resulting from increases in troposphersources. Forll components (NQ CO and volatile organic
ozone precursors; most of this increase would have occurredmpounds (VOCS)) industrialised regions like the USA and
before the time of stratospheric ozone destruction by the Montre@rrganisation for Economic Co-operation and Development
Protocol gases. These RF calculations also did not include af@ECD) Europe showeductions in emissions, while regions
negative RF that may have resulted from stratospheric watdominated by developing countries show digaint growth
vapour increases. It has been suggested (Shindell and Faluvegi,emissions Recently, the tropospheric burdens of CO and
2002) that stratospheric ozone during 1957 to 1975 was lower YO, were estimated fronsatellite observations (Edwards et
about 7 DU relative to therst half of the 20th century as a result al., 2004; Richter et al., 2005), providing much needed data for
of possible stratospheric water vapour increases; however, thesedel evaluation and very valuable constraints for emission
long-term increases in stratospheric water vapour are uncertastimates.
(see Sections 2.3.7 and 3.4). Assessment of long-term trends in tropospheric ozone is
The stratospheric ozone RF is assessed to be —0.05 + 0difbcult due to the scarcity of representative observing sites with
W m2between pre-industrial times and 2005. The best estimateng records. The long-term tropospheric ozone trends vary both
is from the observationally based 1979 to 1998 RF of —0.05 i terms of sign and magnitude and in the possible causes for the
0.05 W m2, with the uncertainty range increased to take intcchange (Oltmans et al., 2006). Trends in tropospheric ozone at
account ozone change prior to 1979, using the model result®rthern middle and high latitudes have been estimated based on
of Gauss et al. (2006) as a guide. Note that this estimate take®onesonde data by WMO (2003), Naja et al. (2003), Naja and
into account causes of stratospheric ozone change in additionAkimoto (2004), Tarasick et al. (2005) and Oltmans et al. (2006).
those due to the Montreal Protocol gases. The level of dagenti Over Europe, ozone in the free troposphere increased from the
understanding is medium, unchanged from the TAR (see Secti@arly 20th century until the late 1980s; since then the trend has

2.9, Table 2.11). levelled off or been slightly negative. Naja and Akimoto (2004)
analysed 33 years of ozonesonde data from Japanese stations,
2.3.6.2 Tropospheric Ozone and showed an increase in ozone in the lower troposphere (750—

550 hPa) between the periods 1970 to 1985 and 1986 to 2002 of

The TAR identPed large regional differences in observed12 to 15% at Sapporo and Tsukuba (43°N and 36°N) and 35% at
trends in tropospheric ozone from ozonesondes and surfagagoshima (32°N). Trajectory analysis indicates that the more
observations. The TAR estimate of RF from tropospheric ozonsoutherly station, Kagoshima, is sigoantly more ifuenced
was +0.35 + 0.15 W @ Due to limited spatial and temporal by air originating over China, while Sapporo and Tsukuba are
coverage of observations of tropospheric ozone, the RBore ifduenced by air from Eurasia. At Naha (26°N) a positive
estimate is based on model simulations. In the TAR, the modei®end (5% per decade) is found between 700 and 300 hPa
considered only changes in the tropospheric photochemic61990-2004), while between the surface and 700 hPa a slightly
system, driven by estimated emission changes (€0, non-  negative trend is observed (Oltmans et al., 2006). Ozonesondes
methane volatile organic compounds (NMVOCSs), and,)CH from Canadian stations show negative trends in tropospheric
since pre-industrial times. Since the TAR, there have beemszone between 1980 and 1990, and a rebound with positive
major improvements in models. The new generation modeksends during 1991 to 2001 (Tarasick et al., 2005). Analysis
include several Chemical Transport Models (CTMs) that couplef stratosphere-troposphere exchange processes indicates that
stratospheric and tropospheric chemistry, as well as GCMbe rebound during the 1990s may be partly a result of small
with on-line chemistry (both tropospheric and stratospheric)changes in atmospheric circulation.
While the TAR simulations did not consider changes in ozone Trends are also derived from surface observations. Jaffe et
within the troposphere caused by reducdtlixnof ozone from  al. (2003) derived a positive trend of 1.4%Ybetween 1988
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and 2003 using measurements from Lassen Volcanic Park &md Brasseur, 2001; Mickley et al., 2001; Shindell et al., 2003a;
California (1,750 m above sea level), consistent with the trenillickley et al., 2004; Wong et al., 2004; Liao and Seinfeld,
derived by comparing two aircraft campaigns (Parrish et al2005; Shindell et al., 2005). In addition, a multi-model
2004). However, a number of other sites show inbgamt  experiment including 10 global models was organised through
changes over the USA over the last 15 years (Oltmans #ie Atmospheric Composition Change: an European Network
al., 2006). Over Europe and North America, observations(ACCENT; Gauss et al., 2006). Four of the ten ACCENT
from Whiteface Mountain, Wallops Island, Hohenpeisenbergmodels have detailed stratospheric chemistry. The adjusted RF
Zugspitze and Mace Hea®dw from the European sector) for all models was calculated by the same radiative transfer
show small trends or reductions during summer, while thermodel. The normalised adjusted RF for the ACCENT models

is an increase during winter (Oltmans et al., 2006). These@as +0.032 + 0.006 W tADU-1, which is signibcantly lower

observations are consistent with reduced, N€nissions

(Jonson et al., 2005)North Atlantic stations
(Mace Head, lzana and Bermuda) indicate
increased ozone (Oltmans et al., 2006). Over the

than the TAR estimate of +0.042 WHhDU-1.

Radiative Forcing of Tropospheric Ozone Increases

North Atlantic (40°N—60°N) measurements from
ships (Lelieveld et al., 2004) show insigoant
trends in ozone, however, at Mace Head a positive
trend of 0.49 £ 0.19 ppb-yifor the period 1987 to
2003 is found, with the largest contribution from
air coming from the Atlantic sector (Simmonds
et al., 2004).

In the tropics, very few long-term ozonesonde
measurements are available. At Irene in South
Africa (26°S), Diab et al. (2004) found an
increase between the 1990 to 1994 and 1998
to 2002 periods of about 10 ppb close to the

Mickley et al. (2001) (standard)

Mickley et al. (2001) (tuned)

Hauglustaine
and Brasseur (2001)

Shindell et al. (2003a)

*Wong et al. (2004)

*Wong et al. (2004) (red. lightning)
*Mickley et al. (2004)

*Shindell et al. (2005)

*Liao and Seinfeld (2005)

surface (except in summer) and in the upper
troposphere during winter. Thompson et al.
(2001) found no sigicant trend during
1979 to 1992, based on Total Ozone Mapping
Spectrometer (TOMS) satellite data. More recent
observations (1994 to 2008 situ data from
the Measurement of Ozone by Airbus In-service
Aircraft (MOZAIC) program) show sigicant
trends in free-tropospheric ozone (7.7 to 11.3 km
altitude) in the tropics: 1.12 + 0.05 ppb¥and
1.03 + 0.08 ppb yt in the NH tropics and SH
tropics, respectively (Bortz and Prather, 2006).

ULAQ __l

DLR_E39C
NCAR_MACCM

STOCHEM_HadGEM1

CHASER —

UM_CAM

STOCHEM_HadAM3

ACCENT Network Models

LMDzT-INCA
UlIO0_CTM2

B Adjusted
[] Adjusted (RF, CC)

Ozonesonde measurements over the southwest FRSGC UCI 1|} Instantaneous
Pacbc indicate an increased frequency of near- B , i , | .
zero ozone in the upper troposphere, suggesting a 0 0.2 04 0.6 0.8

link to an increased frequency of deep convection
there since the 1980s (Solomon et al., 2005).

Radiative Forcing (W m)

At southern mid-latitudes, surface observations Figure 2.9. Calculated RF due to tropospheric ozone change since pre-industrial time based o
CTM and GCM model simulations published since the TAR. Estimates with GCMs including the
of climate change since 1750 are given by orange bars (Adjusted RF, CC). Studies denoted wi

from Cape Point, Cape Grim, the Atlantic Ocean

(from ship) and from sondes at Lauder (850700 () give only the instantaneous RF in the original publications. Stratospheric-adjusted RFs for ti
hPa) show positive trends in 0zone concentrations, are estimated by reducing the instantaneous RF (indicated by the dashed bars) by 20%. The ir
in particular during the biomass burning seasonin tanzolus‘ Rl|: fdrlom Mi%(ley gt aI._(ZOC]zl)Ois rer_)lorted as aggaéijusted Rr:: in Gauss e; .‘f"l' (2306).(;00
models include ULAQ: University of LOAquila; DLR_E : Deutsches Zentrum fYr Luft- und R
Fhe SH (Oltmans ,et al., 200,6)', However,_ the trend European Centre Hamburg Model; NCAR_MACCM: National Center for Atmospheric Researct
is not accompanied by a similar trend in CO, as  atmosphere Community Climate Model; CHASER: Chemical Atmospheric GCM for Study of At
expected if biomass burning had increased. The spheric Environment and Radiative Forcing; STOCHEM_HadGEM1: United Kingdom Meteorol
increase is Iargest at Cape Point, reaching 20% per Of?ce glpbal atmospheric chemistry mode;l /Hadley Centre Gl_obal Envirpnmentgl Mo_del 1; UM
decade (in September) At Lauder. the increase is United Kingdom Meteorological Ofbce UniPed Model GCM with Cambridge University chemis
’ ! STOCHEM_HadAM3: United Kingdom Meteorological Ofbce global atmospheric chemistry m
corbned to the lower troposphere. Hadley Centre Atmospheric Model; LMDz T-INCA: Laboratoire de MZtZorologie Dynamique GC
Changes in tropospheric ozone and the INteraction with Chemistry and Aerosols; UIO_CTM2: University of Oslo CTM; FRSGC_UCI: F
Corresponding RF have been estimated in a Research System for Global Change/University of California at Irvine CTM.

number of recent model studies (Hauglustaine
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The simulated RFs for tropospheric ozone increases sin@)00, since then water vapouoncentrations in the lower
1750 are shown in Figure 2.9. Most of the calculations usestratosphere have been decreasing (see Section 3.4 for details
the same set of assumptions about pre-industrial emissionsd references). As well as Ccreases, several other indirect
(zero anthropogenic emissions and biomass burning sourci&scing mechanisms have been proposed, including: a) volcanic
reduced by 90%). Emissions of N@om soils and biogenic eruptions (Considi net al., 2001; Joshi and Shine, 2003); b)
hydrocarbons were generally assumed to be natural armbmass burning aerosol (Sherwood, 2002); ¢) tropospherig (SO
were thus not changed (see, e.g., Section 7.4). In one stublgptholtet al., 2005) and d) changes in SObkidation rates from
(Hauglustaine and Brasseur, 2001), pre-industrial , NOchanges in stratospheric chlorine, ozone and OH (Rocketann
emissions from soils were reduced based on changes in the @e2004). These are mechanisms that can be linked to an external
of fertilizers. Six of the ACCENT models also made coupledorcing agent. Other proposed mechanisms are more associated
climate-chemistry simulations including climate change sincevith climate feedbacks and are related to changes in tropopause
pre-industrial times. The difference between the RFs in the&mperatures or circulation (Stubet al., 2001a; Fueglistaler
coupled climate-chemistry and the chemistry-only simulationsgt al., 2004). From these studies, there is little qaeation of
which indicate the possible climate feedback to tropospherithe stratospheric water vapour change attributable to different
ozone, was positive in all models but generally small (Figureauses. It is also likely that different mechanisms are affecting
2.9). water vapour trends at different altitudes.

A general feature of the models is their inability to reproduce Since the TAR, several further calculations of the radiative
the low ozone concentrations indicated by the very uncertaipalance change due to changes in stratospheric water vapour
semi-quantitative observations (e.g., Pavelin et al., 199%)ave been performed (Forster and Shine, 1999; Gihas,
during the late 19th century. Mickley et al. (2001) tuned theiR001; Shindell, 2001; Smitbt al., 2001; Forster and Shine,
model by reducing pre-industrial lightning and soil sources 02002). Smith et a[2001) estimated a +0.12 to +0.2 W2mer
NO, and increasing natural NMVOC emissions to obtain closelecade range for the RF from the change in stratospheric water
agreement with the observations. The ozone RF then increaseabour, using HALOE satellite data. Shindell (2001) estimated
by 50 to 80% compared to their standard calculations. Howevean RF of about +0.2 W thin a period of two decades, using a
there are still several aspects of the early observations that t8&€M to estimate the increase in water vapour in the stratosphere
tuned model did not capture. from oxidation of CH and including climate feedback changes

The best estimate for the RF of tropospheric 0zone increasassociated with an increase in greenhouse gases. Forster and
is +0.35 W m?, taken as the median of the RF values inShine (2002) used a constant 0.05 ppni ytend in water
Figure 2.9 (adjusted and non-climate change values only, i.ezapour at pressures of 100 to 10 hPa and estimated the RF
the red bars). The best estimate is unchanged from the TAR. be +0.29 W n® for 1980 to 2000. GCM radiation codes
The uncertainties in the estimated RF by tropospheric ozoremn have a factor of two uncertainty in their modelling of
originate from two factors: the models used (CTM/GCMrthis RF (Oinas et al., 2001). For the purposes of this chapter,
model formulation, radiative transfer models), and the potentidhe above RF estimates are not readily attributable to forcing
overestimation of pre-industrial ozone levels in the modelsagent(s) and uncertainty as to the causes of the observed change
The 5 to 95% cdpdence interval, assumed to be representegrecludes all but the component due to,Ghtreases being
by the range of the results in Figure 2.9, is +0.25 to +0.66onsidered a forcing. Two related CTM studies have calculated
W m2 A medium level of sciertic understanding is adopted, the RF associated with increases in,Ghce pre-industrial
also unchanged from the TAR (see Section 2.9, Table 2.11). times (Hansen and Sato, 2001; Hansen et al., 2005), but no

dynamical feedbacks were included in those estimates. Hansen
2.3.7 Stratospheric Water Vapour et al. (2005) estimated an RF of +0.07 + 0.01 W for the
stratospheric water vapour changes over 1750 to 2000, which is

The TAR noted that several studies had indicated long-terrat least a factor of three larger than the TAR value. The RF from
increases in stratospheric water vapour and acknowledged thttect injection of water vapour by aircraft is believed to be an
these trends would contribute a skgrant radiative impact. order of magnitude smaller than this, at about +0.002 - m
However, it only considered the stratospheric water vapouliPCC, 1999). There has been little trend in,CHncentration
increase expected from Glhcreases as an RF, and this wassince 2000 (see Section 2.3.2); therefore the best estimate of
estimated to contribute 2 to 5% of the total ORF (about the stratospheric water vapour RF from Q#tidation (+0.07
+0.02 W nm?). W m-2) is based on the Hansen et al. (2005) calculation. The

Section 3.4 discusses the evidence for stratospher?0% corpdence range is estimated as +0.05 W rfrom
water vapour trends and presents the current understandithg range of the RF studies that included other effects. There
of their possible causes. There are now 14 years of globe a low level of scienic understanding in this estimate, as
stratospheric water vapour measurements from Halogenthere is only a partial understanding of the verticablarf
Occultation Experiment (HALOE) and continued balloon- CH,-induced stratospheric water vapour change (Section 2.9,
based measuremergtince 1980) at Boulder, Colorado. There isTable 2.11). Other human causes of stratospheric water vapour
some evidence of a sustained long-term increase in stratosphearitange are unquabtd and have a very low level of sciduati
water vapour ofiround 0.05 ppm y# from 1980 until roughly understanding.
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2.3.8 Observations of Long-Lived Greenhouse and Boucher, 2000; Pennet al., 2001; Ramaswanst al.,
Gas Radiative Effects 2001). Scattering aerosols exert a net negative direct RF, while
partially absorbing aerosols may exert a negative top-of-the-
Observations of the clear-sky radiation emerging at the toptmosphere (TOA) direct RF over dark surfaces such as oceans
of the atmosphere and at the surface have been conducted. Sactdark forest surfaces, and a positive TOA RF over bright
observations, by their nature, do not measure RRamedéere.  surfaces such as desert, snow and ice, or if the aerosol is above
Instead, they yield a perspective on thBuience of various cloud (e.g., Chylek and Wong, 1995; Haywood and Shine,
species on the transfer of radiation in the atmosphere. M0&995). Both positive and negative TOA direct RF mechanisms
importantly, the conditions involved with these observationgeduce the shortwave irradiance at the surface. The longwave
involve varying thermal and moisture jples in the atmosphere direct RF is only substantial if the aerosol particles are large
such that they do not conform to the conditions underlying thand occur in considerable concentrations at higher altitudes
RF débnition (see Section 2.2). There is a more comprehensi@.g., Tegeret al., 1996). The direct RF due to tropospheric
discussion of observations of the Earth's radiative balance iaerosols is most frequently derived at TOA rather than at the
Section 3.4. tropopauseéecause shortwave radiative transfer calculations
Harries et al. (2001) analysed spectra of the outgoinbave shown a negligible difference between the two (e.g.,
longwave radiation as measured by two satellites in 1970 ardaywood and Shinel997; Section 2.2). The surface forcing
1997 over the tropical Pdm Ocean. The reduced brightnesswill be approximately the same as the direct RF at the TOA
temperature observed in the spectral regions of many of tHer scattering aerosols, but for partially absorbing aerosols the
greenhouse gases is experimental evidence for an increageface forcing may be many times stronger than the TOA direct
in the Earth’'s greenhouse effect. In particular, the spectr&F (e.g., Ramanathan et al., 2001b and references therein).
signatures were large for G@nd CH. The halocarbons, with The indirect effect is the mechanism by which aerosols
their large change between 1970 and 1997, also had an impawbdify the microphysical and hence the radiative properties,
on the brightness temperature. Philipona et al. (2004) fouraimount and lifetime of clouds (Figure 2.10). Key parameters
an increase in the measured longwave downward radiation fair determining the indirect effect are the effectiveness of an
the surface over the period from 1995 to 2002 at eight statiom®rosol particle to act as a cloud condensation nucleus, which
over the central Alps. A sighcant increase in the clear-sky is a function of the size, chemical composition, mixing state
longwave downward®ux was found to be due to an enhancedand ambient environment (e.g., Penmgral., 2001). The
greenhouse effect after combining the measurements withicrophysically induced effect on the cloud droplet number
model calculations to estimate the contribution from increasesoncentration and hence the cloud droplet size, with the liquid
in temperature and humidity. While both types of observationwater content held>xed has been called thérst indirect
attest to the radiative Ruences of the gases, they should noteffect’ (e.g., Ramaswamy et al., 2001), the ‘cloud albedo effect’
be interpreted as having a direct linkage to the value of RFs {e.g., Lohmann and Feichter, 2005), or the ‘Twomey effect’
Section 2.3. (e.g., Twomey, 1977). The microphysically induced effect on
the liquid water content, cloud height, and lifetime of clouds
has been called the ‘second indirect efféety., Ramaswamy
et al., 2001), the ‘cloud lifetime effect’ (e.g., Lohmann and
Feichter, 2005) or the ‘Albrecht effect’ (e.g., Albrecht, 1989).
The TAR split the indirect effect into thHerst indirect effect,
2.4.1 Introduction and Summary of the Third and the second indirect effect. Throughout this report, these
Assessment Report effects are denoted as ‘cloud albedo effect’ and ‘cloud lifetime
effect’, respectively, as these terms are more descriptive of the
The TAR categorised aerosol RFs into direct and indireonicrophysical processes that occur. The cloud albedo effect
effects. The direct effect is the mechanism by which aerosolas considered in the TAR to be an RF because global model
scatter and absorb shortwave and longwave radiation, therepglculations could be performed to describe tH&uémce of
altering the radiative balance of the Earth-atmosphere systefficreased aerosol concentration on the cloud optical properties
Sulphate, fossil fuel organic carbon, fossil fuel black carbonhile holding the liquid water content of the clolxed (i.e.,
biomass burning and mineral dust aerosols were all lkhti in an entirely diagnostic manner where feedback mechanisms
as having a sighcant anthropogenic component and exertingdo not occur). The TAR considered the cloud albedo effect to
a signbcant direct RF. Key parameters for determiningbe a key uncertainty in the RF of climate but did not assign a
the direct RF are the aerosol optical properties (the singleest estimate of the RF, and showed a range of RF between 0
scattering albedo.&, specbc extinction codfcient, k and and -2 W m?2in the context of liquid water clouds. The other
the scattering phase function), which vary as a function dhdirect effects were not considered to be RFs because, in
wavelength and relative humidity, and the atmospheric loadinguppressing drizzle, increasing the cloud height or the cloud
and geographic distribution of the aerosols in the horizontdifetime in atmospheric models (Figure 2.10), the hydrological
and vertical, which vary as a function of time (e.g., Haywoodycle is invariably altered (i.e., feedbacks occur; see Section
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absorption of cloud (constant LWC) suppression. (Pincus & Baker, 1994) lifetime cloud burn-off
radiation (Twomey, 1974) Increased LWC (Albrecht, 1989) (Ackerman et al., 2000)
\ Direct effects ’ Cloud albedo effect/ | \ Cloud lifetime effect/ 2" indirect effect/ Albrecht effey \ Semi-direct effect }
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Figure 2.10. Schematic diagram showing the various radiative mechanisms associated with cloud effects that have beenadeimiteéatias sigaédrasols
(modibped from Haywood and Boucher, 2000). The small black dots represent aerosol particles; the larger opets.chrkEglidinésirepresent the incident and
ref3ected solar radiation, and wavy lines represent terrestrial radiation. The blled white circles indicate elmachceopietionG@DNC). The unperturbed cloud con-
tains larger cloud drops as only natural aerosols are available as cloud condensation nuclei, while the persualg@ateudwobeirof smaller cloud drops as both
natural and anthropogenic aerosols are available as cloud condensation nuclei (CCN). The vertical grey ddshesl taf@sefenatofttie liquid water content.

7.5). The TAR also discussed the impact of anthropogeniguality information about chemical composition and local
aerosols on the formation and mioction of the physical trends. In addition, they provide key information about
and radiative properties of ice clouds (Penekil., 2001), variability on various time scales. Comparisonsirfsitu
although quanbcation of an RF from this mechanism wasmeasurements against those from global atmospheric models
not considered appropriate given the host of uncertainties amde complicated by differences in meteorological conditions and
unknowns surrounding ice cloud nucleation and physics. becauseén situ measurements are representative of conditions
The TAR did not include any assessment of the semi-direchostly at or near the surface while the direct and indirect RFs
effect (e.g., Hansen et al., 1997; Ackerman et al., 2000aepend on the aerosol vertical pi®. For example, the spatial
Jacobson, 2002; Menon et al.,, 2003; Cook and Highwoodgsolution of global model grid boxes is typically a few degrees
2004; Johnson et al., 2004), which is the mechanism by whiatf latitude and longitude and the time steps for the atmospheric
absorption of shortwave radiation by tropospheric aerosoldynamics and radiation calculations may be minutes to hours
leads to heating of the troposphere that in turn changes tlepending on the process to be studied; this poses limitations
relative humidity and the stability of the troposphere andvhen comparing with observations conducted over smaller
thereby ifSuences cloud formation and lifetime. In this report,spatial extent and shorter time duration.
the semi-direct effect is not strictly considered an RF because of Combinations of satellite and surface-based observations
modibcations to the hydrological cycle, as discussed in Sectioprovide near-global retrievals of aerosol properties. These are
7.5 (see also Sections 2.2, 2.8 and 2.4.5). discussed in this subsection; the emissions estimates, trends
Since the TAR, there have been substantial developmentsamdin situ measurements of the physical and optical properties
observations and modelling of tropospheric aerosols; these amee discussed with respect to theiBuence on RF in Section

discussed in turn in the following sections. 2.4.4. Further detailed discussions of the recent satellite
observations of aerosol properties and a satellite-measurement
2.4.2 Developments Related to Aerosol based assessment of the aerosol direct RF are given by Yu et
Observations al. (2006).

Surface-based measurements of aerosol properties sugl.2.1  Satellite Retrievals
as size distribution, chemical composition, scattering and
absorption continue to be performed at a number of sites, either Satellite retrievals of aerosol optical depth in cloud-free
at long-term monitoring sites, or specally as part of intensive regions have improved via new generation sensors (Kaufman et
beld campaigns. These situ measurements provide essentialal., 2002) and an expanded global validation program (Holben et
validation for global models, for example, by constrainingal., 2001). Advanced aerosol retrieval products such as aerosol
aerosol concentrations at the surface and by providing highPne-mode fraction and effective particle radius have been
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developed and offer potential for improving estimates of th@able 2.2 provides a summary of aerosol data currently
aerosol direct radiative effect. Additionally, efforts have beeravailablefrom satellite instrumentation, together with acronyms
made to determine the anthropogenic component of aerosol afwt the instruments2,, from the Moderate Resolution Imaging
associated direct RF, as discussed by Kaufman et al. (2002) aBdectrometer (MODIS) instrument for the January to March
implemented by Bellouin et al. (2005) and Chung et al. (2005001 average (Figure 2.11, top panel) clearly differs from that for
However, validation programs for these advanced productse Augustto October 2001 average (Figure 2.11, bottom panel)
have yet to be developed and initial assessments indicate soff@ufmanet al., 1997; Tanrét al., 1997). Seasonal variability
systematic errors (Levy et al., 2003; Anderson et al., 2005a; Chi 2., can be seen; biomass burning aerosol is most strongly
et al., 2005), suggesting that the routine differentiation betweegvident over the Gulf of Guinea in Figure 2.11 (top panel) but
natural and anthropogenic aerosols from satellite retrievashifts to southern Africa in Figure 2.11 (bottom panel). Likewise,

remains very challenging. the biomass burning in South America is most evident in Figure
2.11 (bottom panel). In Figure 2.11 (top panel), transport of
2.4.2.1.1 Satellite retrievals of aerosol optical depth mineral dust from Africa to South America is discernible while

Figure 2.11 shows an example of aerosol optical d€gth in Figure 2.11 (bottom panel) mineral dust is transported over
(mid-visible wavelength) retrieved over both land and ocearthe West Indies and Central America. Industrial aerosol, which
together with geographical positions of aerosol instrumentatiorronsists of a mixture of sulphates, organic and black carbon,

January to March 2001
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Figure 2.11. Aerosol optical deplly,, at 0.55:m (colour bar) as determined by the MODIS instrument for the January to March 2001 mean (top panel) and for the
to October 2001 mean (bottom panel). The top panel also shows the location of AERONET sites (white squaregpth@tdianerbssarppentinuously) since
1996. The bottom panel also shows the location of different aerosol lidar networks (red: EARLINET, orange: ADNET, black: MPLNET
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Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

nitrates and industrial dust, is evident over many continentd&Obotic NETwork (AERONET; see Section 2.4.3). Along Track
regions of the NH. Sea salt aerosol is visible in oceanic regior&canning Radiometer (ATSR) and ATSR-2 retrievals (Veefkind
where the wind speed is high (e.g., south of 45°S). The MODI&t al., 1998; Holzer-Poppt al., 2002) use a relatively wide
aerosol algorithm is currently unable to make routine retrievalspectral range (0.56—1.6%r), and two viewing directions and
over highly r&ective surfaces such as deserts, snow cover, i@erosol climatologies from the Optical Parameters of Aerosols
and areas affected by ocean glint, or over high-latitude regiorsd Clouds (OPAC) database (Hessal., 1998) to make,
when the solar insolation is indfient. retrievals over both ocean and land (Robles-Gonzalez et al.,
Early retrievals for estimating,, include the Advanced 2000). The Ocean Colour and Temperature Scanner (OCTS)
Very High Resolution Radiometer (AVHRR) single channelretrieval has a basis similar to the dual wavelength retrieval
retrieval (e.g., Husar et al., 1997; Ignatov and Stowe, 2002);om AVHRR and uses wavelengths over the range 0.41 to 0.86
and the ultraviolet-based retrieval from the TOMS (e.g., Torress to derive2,,and . over oceans (e.g., Higuragtial., 2000)
et al., 2002). A dual channel AVHRR retrieval has also beensing a bi-modal aerosol size distribution. The Sea-Viewing
developed (e.g., Mishchenlat al., 1999; Geogdzhayet al.,  Wide Field-of-View Sensor (SeaWiFs) uses 0.48band 0.856
2002). Retrievals by the AVHRR are generally only performed-n radiances to provid€_, g5 and . over ocean using a bi-
over ocean surfaces where the surfaBectance characteristics modal aerosol size distribution (M. Wang et al., 2005). Further
are relatively well known, although retrievals are also possibl&eaWiFs aerosol products have been developed over both land
over dark land surfaces such as boreal forests and lake8¢Eoufand ocean using six and eight visible channels, respectively
et al., 1997). The TOMS retrieval is essentially independent dk.g., von Hoyningen-Heune et al., 2003; Lee et al., 2004).
surface rBectance thereby allowing retrievals over both land Despite the increased sophistication and realism of the aerosol
and ocean (Torrest al., 2002), but is sensitive to the altituderetrieval algorithms, discrepancies exist between retrievals of
of the aerosol, and has a relatively low spatial resolution. Whil&, even over ocean regions (e.g., Penner et al., 2002; Myhre et
these retrievals only use a limited number of spectral bands aatl, 2004a, 2005b; Jeong et al., 2005; Kinne et al., 2006). These
lack sophistication compared to those from dedicated satellifiscrepancies are due to different assumptions in the cloud
instruments, they have the advantage of offering continuoudearing algorithms, aerosol models, different wavelengths
long-term data sets (e.g., Geogdzhageal., 2002). and viewing geometries used in the retrievals, different
Early retrievals have been superseded by those fromarametrizations of ocean surfacBeetance, etc. Comparisons
dedicatedaerosol instruments (e.g., Kaufmaih al., 2002). of these satellite aerosol retrievals with the surface AERONET
Polarization and Directionality of the Earth’s [Retance observations provide an opportunity to objectively evaluate
(POLDER) uses a combination of spectral channels (0.44-0.9% well as improve the accuracy of these satellite retrievals.
-m) with several viewing angles, and measures polarizatioMyhre et al. (2005b) showed that dedicated instruments using
of radiation. Aerosol optical depth and Angstrom exponent ( multi-channel and multi-view algorithms perform better when
over ocean (Deuzét al., 2000), 2., over land (Deuz&t al., compared against AERONET than the simple algorithms that
2001) and the direct radiative effect of aerosols (Boucher artiey have replaced, and Zhao et al. (2005) showed that retrievals
Tanré, 2000; Bellouiret al., 2003) have all been developed.based on dynamic aerosol models perform better than those
Algorithms for aerosol retrievals using MODIS have beerbased on globallipxed aerosol models. While some systematic
developed and validated over both ocean (Tanrél., 1997) biases in spebt satellite products exist (e.g., Jeong et al., 2005;
and land surfaces (Kaufmaat al., 1997). The uncertainty in Remer et al., 2005), these can be corrected for (e.g., Bellouin
these retrievals of2,, is necessarily higher over land (Chu et al., 2005; Kaufman et al., 2005b), which then enables an
et al., 2002) than over oceans (Remer et al.,, 2002) owing essessment of the direct radiative effect and the direct RF from
uncertainties in land surfaceRectance characteristics, but an observational perspective, as detailed below.
can be minimised by careful selection of the viewing geometry
(Chylek et al., 2003). In addition, new algorithms have bee.4.2.1.2  Satellite retrievals of direct radiative effect
developed for discriminating between sea salt, dust or biomass The solar direct radiative effect (DRE) is the sum of the direct
burning and industrial pollution over oceans (Belloatnal.,,  effects due to anthropogenic and natural aerosol species while
2003, 2005; Kaufmaret al., 2005a) that allow for a more the direct RF only considers the anthropogenic components.
comprehensive comparison against aerosol models. MultBatellite estimates of the global clear-sky DRE over oceans
angle Imaging Spectro-Radiometer (MISR) retrievals havéave advanced since the TAR, owing to the development of
been developed using multiple viewing capability to determineledicated aerosol instruments and algorithms, as summarised
aerosol parameters over ocean (Katral., 2001) and land by Yu et al. (2006) (see Table 2.3). Table 2.3 suggests a
surfaces, including highly Rective surfaces such as desertsreasonable agreement of the global mean, diurnally averaged
(Martonchik et al., 2004). Five typical aerosol climatologies, clear-sky DRE from various studies, with a mean of —5.4W m
each containing four aerosol components, are used in tlad a standard deviation of 0.9 W2niThe clear-sky DRE is
retrievals, and the optimum radiance signature is determinembnverted to an all-sky DRE by Loeb and Manalo-Smith (2005)
for nine viewing geometries and two different radiances. Thevho estimated an all-sky DRE over oceans of —1.6 to —2.0
results have been validated against those from the Aerosdl m2 but assumed no aerosol contribution to the DRE from
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cloudy regions; such an assumption is not valid for opticallydentical value of —1.4 + 0.9 W-# Bellouin et al. (2005) used
thin clouds or if partially absorbing aerosols exist above tha combination of MODIS2,, andbne-mode fraction together
clouds (see Section 2.4.4.4). with data from AeroCom (see Section 2.4.3) to determine an

Furthermore, use of a combination of sensors on the sanadl-sky RF of aerosols over both land and ocean of —0.8 + 0.2
satellite offers the possibility of concurrently derividg,and W mr2, but this does not include the contribution to the RF and
the DRE (e.g., Zhang and Christopher, 2003; Zleag), 2005), associated uncertainty from cloudy skies. Chung et al. (2005)
which enables estimation of the DRBreENcy, that is, the performed a similar satellite/AERONET/model analysis, but
DRE divided by 2., (W m2 2.1). Because the DREldiency included the contribution from cloudy areas to deduce an RF
removes the dependence on the geographic distribution of —0.35 W m2 or —0.50 W m2 depending upon whether the
2., 1t is a useful parameter for comparison of models againginthropogenic fraction is determined from a model or from the
observations (e.g., Andersenal., 2005b); however, the DRE MODIS bne-mode fraction and suggest an overall uncertainty
efbciency thus derived is not a linear function 2f at high  range of —0.1 to —0.6 W 1A Yu et al. (2006) used several
2erSuch as those associated with intense mineral dust, biomasgasurements to estimate a direct RF of —0.5 £ 0.33-%V m
burning or pollution events. These estimates of the RF are compared to those obtained from

modelling studies in Section 2.4.4.7.

2.4.2.1.3. Satellite retrievals of direct radiative forcing

Kaufman et al. (2005a) estimated the anthropogenic-onlg.4.2.2 Surface-Based Retrievals
component of the aerosbhe-mode fraction from the MODIS
product to deduce a clear sky RF over ocean of —1.4-%W m A signibcant advancement since the TAR is the continued
Christopher et al. (2006) used a combination of the MODISleployment and development of surface based remote sensing
Pne-mode fraction and Clouds and the Earth’s Radiant Energyun-photometer sites such as AERONET (Holben et al., 1998),
System (CERES) broadband TORuxes and estimated an and the establishment of networks of aerosol lidar systems such

Table 2.3. The direct aerosol radiative effect (DRE) estimated from satellite remote sensing studies (adapted and u2za6y from Yu et al.,

Clear Sky DRE

Reference Instrument 2 Data Analysed Brief Description (W m-2) ocean
Bellouin et al. (2005) MODIS; TOMS; 2002 MODIS ne and total Q, with -6.8
SSM/I TOMS Aerosol Index and SSM/I to
discriminate dust from sea salt.
Loeb and CERES; MODIS Mar 2000 CERES radiancesl/irradiances and —3.8 (NESDIS)
Manalo-Smith (2005) to Dec 2003 angular distribution models and aerosol to -5.5 (MODIS)
properties from either MODIS or from
NOAA-NESDIS algorithm used to
estimate the direct radiative effect.
Remer and MODIS Aug 2001 Best-prescribed aerosol model tted to -57+0.4
Kaufman (2006) to Dec 2003 MODIS data. Q. from ne-mode fraction.
Zhang et al. (2005); CERES; MODIS Nov 2000 MODIS aerosol properties, CERES -53+1.7
Christopher and to Aug 2001 radiances/irradiances and angular
Zhang (2004) distribution models used to estimate the
direct radiative effect.
Bellouin et al. (2003) POLDER Nov 1996 Best-prescribed aerosol model tted to -5.2
to Jun 1997 POLDER data
Loeb and Kato (2002) CERES; VIRS Jan 1998 to Qer from VIRS regressed against the -46+1.0
Aug 1998; TOA CERES irradiance (35°N to 35°S)
Mar 2000.
Chou et al. (2002) SeaWiFs 1998 Radiative transfer calculations with -5.4
SeaWiFS q, and prescribed optical
properties
Boucher and Tanré (2000) POLDER Nov 1996 to Best-prescribed aerosol model tted to -5to -6
Jun 1997 POLDER data
Haywood et al. (1999) ERBE Jul 1987 to DRE diagnosed from GCM-ERBE -6.7
Dec 1988 TOA irradiances
Mean (standard deviation) -5.4 (0.9)
Notes:

a SSM/I: Special Sensor Microwave/lmager; VIRS: Visible Infrared Scanner; ERBE: Earth Radiation Budget Experiment.
b NESDIS: National Environmental Satellite, Data and Information Service.
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as the European Aerosol Research Lidar Network (EARLINETand surface-based sun photometer and lidar observations
Matthias et al., 2004), the Asian Dust Network (ADNET,is possible(see Sections 2.4.2 and 2.4.4). Progress with
Murayama et al., 2001), and the Micro-Pulse Lidar Networkespect to modellinghe indirect effects due to aerosol-cloud
(MPLNET, Welton et al., 2001). interactions is detailed in Section 2.4.5 and Section 7.5. Several

The distribution of AERONET sites is also shown in Figurestudies have explored the sensitivity of aerosol direct RF to
2.11 (top panel). Currently there are approximately 150 sitesurrent parametrization uncertainties. These are assessed in the
operating at any one time, many of which are permanerbllowing sections.
to enabledetermination of climatological and interannual Major progress since the TAR has been made in the
column-averagednonthly and seasonal means. In additiondocumentation of the diversity of current aerosol model
to measurements ofder as a function of wavelength, new simulations. Sixteen groups have participated in the Global
algorithms have been developed that measure sky radiance aseaxosol Model Intercomparison (AeroCom) initiative (Kinne et
function of scattering angle (Nakajima et al., 1996; Dubovik andl., 2006). Extensive model outputs are available via a dedicated
King, 2000). From these measurements, the column-averagaebsite (Schulz et al., 2004). Three model experiments
size distribution and, if the@er is high enoughZ,, > 0.5), (named A, B, and PRE) were analysed. Experiment A models
the aerosol single scattering albedy, and refractive indices simulate the years 1996, 1997, 2000 and 2001, lkweayear
may be determined at particular wavelengths (Dubovik et almean encompassing these years. The model emissions and
2000), allowing partitioning between scattering and absorptiorparametrizations are those determined by each research group,
While these inversion products have not been comprehensivebut the models are driven by observed meteorolodpetds
validated, a number of studies show encouraging agreement fior allow detailed comparisons with observations, including
both the derived size distribution adgwhen compared against those from MODIS, MISR and the AERONET sun photometer
in situ measurements by instrumented aircraft for differennetwork. Experiment Bhodels use prescribed AeroCom aerosol
aerosol species (e.g., Dubovik et al., 2002; Haywood et alemissions for the year 2000, and experiment PRE models use
2003a; Reid et al., 2003; Osborne et al., 2004). A climatologgrescribed aerosol emissions for the year 1750 (Dentener et
of the aerosol DRE based on the AERONET aerosols has alab, 2006; Schulz et al., 2006). The model diagnostics included
been derived (Zhou et al., 2005). information on emission and depositioBuxes, vertical

The MPLNET Lidar network currently consists of 11 lidarsdistribution and sizes, thus enabling a better understanding of
worldwide; 9 are co-located with AERONET sites and providehe differences in lifetimes of the various aerosol components
complementary vertical distributions of aerosol backscatter and the models.
extinction. Additional temporary MPLNET sites have supported This paragraph discusses AeroCom results from Textor
major aerosolbeld campaigns (e.g., Campbell et al., 2003)et al. (2006). The model comparison study found a wide
The European-wide lidar network EARLINET currently has 15range in several of the diagnostic parameters; these, in turn,
aerosol lidars making routine retrievals of verticalRtes of  indicate which aerosol parametrizations are poorly constrained
aerosol extinction (Mathias et al., 2004), and ADNET is a networknd/or understood. For example, coarse aerosol fractions are
of 12 lidars making routine measurements in Asia that have beeesponsible for a large range in the natural aerosol emission
used to assess the vertical lpes of Asian dust and pollution RBuxes (dust: £49% and sea salt: £200%, where uncertainty is

events (e.g., Husat al., 2001; Murayamet al., 2001). 1 standard deviation of inter-model range), and consequently
in the dry depositiofBuxes. The complex dependence of the

2.4.3 Advances in Modelling the Aerosol Direct source strength on wind speed adds to the problem of computing

Effect natural aerosol emissions. Dust emissions for the same time

period can vary by a factor of two or more depending on
Since the TAR, more complete aerosol modules in a largetetails of the dust parametrization (Luo et al., 2003; Timmreck
number of global atmospheric models now provide estimateand Schulz, 2004; Balkanski et al., 2004; Zender, 2004), and
of the direct RF. Several models have resolutions better than 2¢en depend on the reanalysis meteorological data set used
by 2° in the horizontal and more than 20 to 30 vertical levels(Luo et al., 2003). With respect to anthropogenic and natural
this represents a considerable enhancement over the modeinissions of other aerosol components, modelling groups
used in the TAR. Such models now include the most importartended to make use of similar best guess information, for
anthropogenic and natural species. Tables 2.4, 2.5 and Z&ample, recently revised emissions information available via
summarise studies published since the TAR. Some of the mottee Global Emissions Inventory Activity (GEIA). The vertical
complex models now account explicitly for the dynamics of theaerosol distribution was shown to vary considerably, which is
aerosol size distribution throughout the aerosol atmospher& consequence of important differences in removal and vertical
lifetime and also parametrize the internal/external mixing ofmixing parametrizations. The inter-model range for the fraction
the various aerosol components in a more physically realistiaf sulphate mass below 2.5 km to that of total sulphate is 45 +
way than in the TAR (e.g., Adams and Seinfeld, 2002; Easter 28%. Since humidiication takes place mainly in the boundary
al., 2004; Stier et al., 2005). Because the most important aerosayer, this source of inter-model variability increases the
species are now included, a comparison of key model outpuange of modelled direct RF. Additionally, differences in the
parameters, such as the total, against satellite retrievals parametrization of the wet deposition/vertical mixing process
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become more pronounced above 5 km altitude. Some modealguctural uncertainty (i.e., differences associated with the
have a tendency to accumulate insoluble aerosol mass (dusbdel formulation and structure) associated with the RF, but
and carbonaceous aerosols) at higher altitudes, while othede not include the full range of parametric uncertainty (i.e.,
have much more btient wet removal schemes. Troposphericdifferences associated with the choice of key model parameters),
residence times, thmed here as the ratio of burden over sinksas the model results are essentially best estimates constrained
established for an equilibrated one-year simulation, vary by 20y observations of emissions, wet and dry deposition, size
to 30% for thédene-mode aerosol species. These variations are diistributions, optical parameters, hygroscopicity, etc. (Pan
interest, since they express the linearity of modelled emissioret al., 1997). The uncertainties are reported as the 5 to 95%
to aerosol burden and eventually to RF. conbdence interval to allow the uncertainty in the RF of each
Considerable progress has been made in the systemasigecies of aerosol to be quantitatively intercompared.
evaluation of global model results (see references in Tables
2.4 to 2.6).The simulated globaB,, at a wavelength of 0.55 2.4.4.1  Sulphate Aerosol
-m in models ranges from 0.11 to 0.14. The values compare
favourably to those obtained by remote sensing from the ground Atmospheric sulphate aerosol may be considered as
(AERONET, about 0.135) and space (satellite composite, aboabnsisting of sulphuric acid particles that are partly or totally
0.15) (Kinne et al., 2003, 2006), but sigeant differences exist neutralized by ammonia and that are present as liquid droplets
in regional and temporal distributions. Modelled absorptioror partly crystallized. Sulphate is formed by aqueous phase
optical thickness has been suggested to be underestimatedrbgictions within cloud droplets, oxidation of S@a gaseous
a factor of two to four when compared to observations (Sato ghase reactions with OH, and by condensational growth onto
al., 2003) and DRE btiencies have been shown to be lowerpre-existing particles (e.g., Pennet al., 2001). Emission
in models both for the global average and regionally (Yu eestimates are summarised by Haywood and Boucher (2000).
al., 2006) (see Section 2.4.4.7). A merging of modelled andhe main source of sulphate aerosol is vig 8@issions from
observedbelds of aerosol parameters through assimilatiorfossil fuel burning (about 72%), with a small contribution
methods of different degrees of complexity has also beeinom biomass burning (about 2%), while natural sources are
performed since the TAR (e.g., Yu et al., 2003; Chung efrom dimethyl sulphide emissions by marine phytoplankton
al., 2005). Model results are constrained to obtain presenfabout 19%) and by SOemissions from volcanoes (about
day aerosobelds consistent with observations. Collins et al.7%). Estimates of global SGemissions range from 66.8 to
(2001) showed that assimilation of satellite-derivedds of  92.4 TgS yrlfor anthropogenic emissions in the 1990s and from
2, can reduce the model bias down to 10% with respect 1.7 to 125.5 TgS y# for total emissions. Emissions of $O
daily mean 3., measured with a sun photometer at the Indiarfrom 25 countries in Europe were reduced from approximately
Ocean Experiment (INDOEX) station Kaashidhoo. Liu et al18 TgS yrl in 1980 to 4 TgS yt# in 2002 (Vestreng et al.,
(2005) demonstrated similart&fient reduction of errors id,, ~ 2004). In the USA, the emissions were reduced from about 12
The magnitude of the global dust cycle has been suggestedtto8 TgS yrlin the period 1980 to 2000 (EPA, 2003). However,
range between 1,500 and 2,600 Tg-yay minimising the bias over the same period $SGmissions have been increasing
between model and multiple dust observations (Cakmur et akignibcantly from Asia, which is estimated to currently emit 17
2006). Bates et al. (2006) focused on three regions downwintgS yr! (Streets et al., 2003), and from developing countries
of major urban/population centres and performed radiativen other regions (e.g., Lefotet al., 1999; Van Aardenret al.,
transfer calculations constrained by intensive and extensi001; Boucher and Pham, 2002). The most recent study (Stern,
observational parameters to derive 24-hour average clear-sRf05) suggests a decrease in global anthropogenic emissions
DRE of -3.3 + 0.47, -14 + 2.6 and —6.4 + 2.1 W far the  from approximately 73 to 54 TgS-yrover the period 1980
north Indian Ocean, the northwest Paciand the northwest to 2000, with NH emission falling from 64 to 43 TgShand
Atlantic, respectively. By constraining aerosol models withSH emissions increasing from 9 to 11 TgStyBmith et al.
these observations, the uncertainty associated with the DRE004) suggested a more modest decrease in global emissions,

was reduced by approximately a factor of two. by some 10 TgS y# over the same period. The regional shift in
the emissions of SGrom the USA, Europe, Russia, Northern
2.4.4 Estimates of Aerosol Direct Radiative Forcing Atlantic Ocean and parts of Africa to Southeast Asia and the

Indian and Patic Ocean areas will lead to subsequent shifts
Unless otherwise stated, this section discusses the TQA the pattern of the RF (e.g., Boucher and Pham, 2002; Smith
direct RF of different aerosol types as a global annual meaat al., 2004; Pham et al., 2005). The recently used emission
guantity inclusive of the effects of clouds. Where possiblescenarios take into account effective injection heights and their
statistics from model results are used to assess the uncertairggional and seasonal variability (e.g., Dentener et al., 2006).
in the RF. Recently published results and those grouped within The optical parameters of sulphate aerosol have been well
AeroCom are assessed. Because the AeroCom results asseskmmimented (see Penrefral., 2001 and references therein).
here are based on prescribed emissions, the uncertainty in th&seéphate is essentially an entirely scattering aerosol across the
results is lowered by having estimates of the uncertainties solar spectrum & = 1) but with a small degree of absorption
the emissions. The quoted uncertainties therefore include tle the near-infrared spectrum. Theoretical and experimental
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data are available on the relative humidity dependence of tlapproximate the 90% cbdence interval leads to an estimate
spechbc extinction codfcient, &, (e.g., Tanget al., 1995). of-0.4+0.2W n?®
Measurement campaigns concentrating on industrial pollution,
such as the Tropospheric Aerosol Radiative Forcing Experimegt4.4.2 Organic Carbon Aerosol from Fossil Fuels
(TARFOX; Russellet al., 1999), the Aerosol Characterization
Experiment (ACE-2; Raext al., 2000), INDOEX (Ramanathan  Organic aerosols are a complex mixture of chemical
et al., 2001b), the Mediterranean Intensive Oxidants Studgompounds containing carbon-carbon bonds produced from
(MINOS, 2001 campaign), ACE-Asia (2001), Atmosphericfossil fuel and biofuel burning and natural biogenic emissions.
Particulate Environment Change Studies (APEX, from 2000 t@rganic aerosols are emitted as primary aerosol particles or
2003), the New England Air Quality Study (NEAQS, in 2003)formed as secondary aerosol particles from condensation of
and the Chesapeake Lighthouse and Aircraft Measurements forganic gases considered semi-volatile or having low volatility.
Satellites (CLAMS; Smith et al., 2005), continue to show thaHundreds of different atmospheric organic compounds have
sulphate contributes a sigpaiant fraction of the sub-micron been detected in the atmosphere (e.g., Hamétoal., 2004;
aerosol mass, anthropogerflg.and RF (e.g., Hegef al., 1997;  Murphy, 2005), which makes Heitive modelling of the direct
Russell and Heintzenberg, 2000; Ramanatbaial., 2001b; and indirect effects extremely challenging (McFiggahsl.,
Magi et al., 2005; Quinn and Bates, 2005). However, sulphat2006). Emissions of primary organic carbon from fossil fuel
is invariably internally and externally mixed to varying degreesurning have been estimated to be 10 to 30 TgE&(kiousse
with other compounds such as biomass burning aerosol (e.gt, al., 1996; Cooket al., 1999; Scholes and Andreae, 2000).
Formentiet al., 2003), fossil fuel black carbon (e.g., RusselMore recently, Bond et al. (2004) provided a detailed analysis
and Heintzenberg, 2000), organic carbon (Novadal., 1997; of primary organic carbon emissions from fossil fuels, biofuels
Brock et al., 2004), mineral dust (e.g., Huebeftal., 2003) and open burning, and suggested that contained burning
and nitrate aerosol (e.g., Schal., 2004). This results in a (approximately the sum of fossil fuel and biofuel) emissions
composite aerosol state in terms of effective refractive indicegre in the range of 5 to 17 TgC¥mwith fossil fuel contributing
size distributions, physical state, morphology, hygroscopicitpnly 2.4 TgC yrl. Ito and Penner (2005) estimated global fossil
and optical properties. fuel particulate organic matter (POM, which is the sum of the
The TAR reported an RF due to sulphate aerosol of —0.4@rganic carbon and the other associated chemical elements)
W m2 with an uncertainty of a factor of two, based on globakmissions of around 2.2 Tg(POM)-yrand global biofuel
modelling studies that were available at that time. Results frommissions of around 7.5 Tg(POM)-¥rito and Penner (2005)
model studies since the TAR are summarised in Table 2.éstimated that emissions of fossil and biofuel organic carbon
For models A to L, the RF ranges from approximately —0.2increased by a factor of three over the period 1870 to 2000.
W m-2 (Takemureet al., 2005) to —0.96 W th(Adamset al.,  Subsequent to emission, the hygroscopic, chemical and optical
2001) with a mean of —0.46 W-fhand a standard deviation properties of organic carbon particles continue to change
of 0.20 W m2 The range in the RF per uni,, is substantial because of chemical processing by gas-phase oxidants such
due to differing representations of aerosol mixing state, opticals ozone, OH, and the nitrate radical gN.g., Kanakidou
properties, cloud, surfacel¥ectance, hygroscopic growth, sub- et al., 2005). Atmospheric concentrations of organic aerosol
grid scale effects, radiative transfer codes, etc. (Ramaswamyare frequently similar to those of industrial sulphate aerosol.
al., 2001). Myhre et al. (2004b) performed several sensitivitiNovakov et al. (1997) and Hegg et al. (1997) measured organic
studies and found that the uncertainty was particularly linkedarbon in pollution off the East Coast of the USA during the
to the hygroscopic growth and that differences in the modefTARFOX campaign, and found organic carbon primarily from
relative humiditybelds could cause differences of up to 60%fossil fuel burning contributed up to 40% of the total submicron
in the RF. The RFs from the models M to U participating in theaerosol mass and was frequently the mostBggmit contributor
AeroCom project are slightly weaker than those obtained frorto 2., During INDOEX, which studied the industrial plume
the other studies, with a mean of approximately —0.35/ m over the Indian Ocean, Ramanathan et al. (2001b) found that
and a standard deviation of 0.15 W2nthe standard deviation organic carbon was the second largest contributd @fter
is reduced for the AeroCom models owing to constraints osulphate aerosol.
aerosol emissions, based on updated emission inventories (seeDbservational evidence suggests that some organic aerosol
Table 2.4). Including the uncertainty in the emissions reported icompounds from fossil fuels are relatively weakly absorbing
Haywood and Boucher (2000) increases the standard deviatibat do absorb solar radiation at some ultraviolet and visible
to 0.2 W m2 As sulphate aerosol is almost entirely scatteringwavelengths (e.g., Bonelt al., 1999; Jacobson, 1999; Bond,
the surface forcing will be similar or marginally stronger than2001) although organic aerosol from high-temperature
the RF diagnosed at the TOA. The uncertainty in the RF estimatembustion such as fossil fuel burning (Dubogtkal., 1998;
relative to the mean value remains relatively large compared tirchstetteret al., 2004) appears less absorbing than from
the situation for LLGHGs. low-temperature combustion such as open biomass burning.
The mean and median of the sulphate direct RF fron®bservations suggest that a considerable fraction of organic
grouping all these studies together are identical at —0.41aV m carbon is soluble to some degree, while at low relative humidity
Disregarding the strongest and weakest direct RF estimatesrnwre water is often associated with the organic fraction than
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Table 2.4. The direct radiative forcing for sulphate aerosol derived from models published since the TAR and from the Adrefeodiffeirantatiodsls used
identical emissions. Load and aerosol opticahgé¢p#ief to the anthropogenic sulphgtg,is the fraction of anthropogenic sulphate to total sylfbafgesent
day, NRFM is the normalised RF by mass, and NRF is the normalisegl,RF per unit

LOAD Qer
(mg(SO,) m=2)  (0.55um) (%) (W g9 (W m2 g,-1) Reference

Qer ant NRFM NRF

No Model 2

Published since IPCC, 2001

A CCM3 2.23 -0.56 —251 (Kiehl et al., 2000)

B GEOSCHEM 1.53 0.018 -0.33 -216 -18 (Martin et al., 2004)

C GISS 3.30 0.022 —-0.65 —206 -32 (Koch, 2001)

D GISS 3.27 —-0.96 -293 (Adams et al., 2001)

E GISS 2.12 -0.57 —269 (Liao and Seinfeld, 2005)

F  SPRINTARS 1.55 0.015 72 -0.21 -135 -8 (Takemura et al., 2005)

G LMD 2.76 -0.42 —-152 (Boucher and Pham., 2002)
H LOA 3.03 0.030 -0.41 -135 -14 (Reddy et al., 2005b)

I GATORG 3.06 -0.32 -105 (Jacobson, 2001a)

J PNNL 5.50 0.042 -0.44 -80 -10 (Ghan et al., 2001)

K UIO_CTM 1.79 0.019 -0.37 -207 -19 (Myhre et al., 2004b)

L Ulo_GCM 2.28 -0.29 -127 (Kirkevag and lversen, 2002)

AeroCom: identical emissions used for year 1750 and 2000

UMI 2.64 0.020 58 -0.58 -220 -28 (Liu and Penner, 2002)
N UIO_CTM 1.70 0.019 57 -0.35 —208 -19 (Myhre et al., 2003)
O LOA 3.64 0.035 64 —-0.49 -136 -14 (Reddy and Boucher, 2004)
P LSCE 3.01 0.023 59 -0.42 -138 -18 (Schulz et al., 2006)
Q ECHAM5-HAM 2.47 0.016 60 -0.46 -186 —-29 (Stier et al., 2005)
R GISS 1.34 0.006 41 -0.19 -139 =31 (Koch, 2001)
S UIO_GCM 1.72 0.012 59 -0.25 -145 =21 (lversen and Seland, 2002;
Kirkevag and Iversen, 2002)
T SPRINTARS 1.19 0.013 59 -0.16 -137 -13 (Takemura et al., 2005)
ULAQ 1.62 0.020 42 -0.22 -136 -11 (Pitari et al., 2002)
Average Ato L 2.80 0.024 —-0.46 -176 -17
Average M to U 2.15 0.018 55 -0.35 -161 —-20
Minimum A to U 1.19 0.006 41 —-0.96 -293 -32
Maximum A to U 5.50 0.042 72 -0.16 —72 -8
Std. dev. Ato L 1.18 0.010 0.20 75 9
Std. dev. Mto U 0.83 0.008 8 0.15 34 7

Notes:

a CCM3: Community Climate Model; GEOSCHEM: Goddard Earth Observing System-Chemistry; GISS: Goddard Institute for Space Studies; SPRINTARS: Spectral
Radiation-Transport Model for Aerosol Species; LMD: Laboratoire de Météorologie Dynamique; LOA: Laboratoire d’'Optique Atmospher ique; GATORG: Gas, Aerosol,
Transport, Radiation, and General circulation model; PNNL: Paci ¢ Northwest National Laboratory; UIO_CTM: University of Oslo CTM; UIO_GCM: University of Oslo
GCM; UMI: University of Michigan; LSCE: Laboratoire des Sciences du Climat et de 'Environnement; ECHAM5-HAM: European Centre H amburg with Hamburg
Aerosol Module; ULAQ: University of L'Aquila.

with inorganic material. At higher relative humidities, thesome general characteristics in terms of refractive indices,
hygroscopicity of organic carbon is considerably less thahygroscopicity and cloud activation properties. This facilitates
that of sulphate aerosol (Kotchenruther and Hobbs, 199&nproved parametrizations in global models (e.g., Fuzzi et al.,
Kotchenrutheet al., 1999). 2001; Kanakidou et al., 2005; Ming et al., 2005a).

Based on observations and fundamental chemical kinetic Organic carbon aerosol from fossil fuel sources is invariably
principles, attempts have been made to formulate organioternally and externally mixed to some degree with other
carbon composition by functional group analysis in some mainombustion products such as sulphate and black carbon (e.g.,
classes of organic chemical species (e.g., Decesari et al., 200vakovet al., 1997; Ramanathahal., 2001b). Theoretically,
2001; Maria et al., 2002; Ming and Russell, 2002), capturingoatings of essentially non-absorbing components such
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as organic carbon or sulphate on strongly absorbing cotz4.4.3 Black Carbon Aerosol from Fossil Fuels
components such as black carbon can increase the absorption
of the composite aerosol (e.g., Fullral., 1999; Jacobson, Black carbon (BC) is a primary aerosol emitted directly at
2001a; Stier et al., 2006a), with results backed up by laboratotkie source from incomplete combustion processes such as fossil
studies (e.g., Schnaiter et al., 2003). However, coatings dfiel and biomass burning and therefore much atmospheric
organic carbon aerosol on hygroscopic aerosol such as sulph&e€ is of anthropogenic origin. Global, present-day fossil fuel
may lead to suppression of the rate of water uptake during clo@mission estimates range from 5.8 to 8.0 Tg€ aywood
activation (Xionget al., 1998; Chuang, 2003). and Boucher, 2000 and references therein). Bond et al. (2004)
Current global models generally treat organic carbon usingstimated the total current global emission of BC to be
one or two tracers (e.g., water-insoluble tracer, water-solublgpproximately 8 TgC yt, with contributions of 4.6 TgC v
tracer) and highly parametrized schemes have been develofedm fossil fuel and biofuel combustion and 3.3 Tg€ yiom
to represent the direct RF. Secondary organic carbon is hightypen biomass burning, and estimated an uncertainty of about
simplibed in the global models and in many cases treatea factor of two. Ito and Penner (2005) suggested fossil fuel
as an additional source similar to primary organic carborBC emissions for 2000 of around 2.8 TgClyiThe trends in
Considerable uncertainties still exist in representing themission of fossil fuel BC have been investigated in industrial
refractive indices and the water of hydration associated with trereas by Novakov et al. (2003) and Ito and Penner (2005).
particles because the aerosol properties will invariably diffeNovakov et al. (2003) reported that sigeant decreases were
depending on the combustion process, chemical processingriecorded in the UK, Germany, the former Soviet Union and the
the atmosphere, mixing with the ambient aerosol, etc. (e.gJSA over the period 1950 to 2000, while slgrant increases
McFigganset al., 2006). were reported in India and China. Globally, Novakov et al.
The TAR reported an RF of organic carbon aerosols froni2003) suggested that emissions of fossil fuel BC increased by
fossil fuel burning of —0.10 W 1A with a factor of three a factor of three between 1950 and 1990 (2.2 to 6.7 TgE yr
uncertainty. Many of the modelling studies performed since thewing to the rapid expansion of the USA, European and Asian
TAR have investigated the RF of organic carbon aerosols fromconomies (e.g., Streets et al., 2001, 2003), and have since fallen
both fossil fuel and biomass burning aerosols, and the combinéal around 5.6 TgC y¥ owing to further emission controls. Ito
RF of both components. These studies are summarised amd Penner (2005) determined a similar trend in emissions over
Table 2.5. The RF from total organic carbon (POM) fromthe period 1950 to 2000 of approximately a factor of three, but
both biomass burning and fossil fuel emissions from recentlthe absolute emissions are smaller than in Novakov et al. (2003)
published models A to K and AeroCom models (L to T) isby approximately a factor of 1.7.
—0.24 W m2 with a standard deviation of 0.08 W#4and —0.16 Black carbon aerosol strongly absorbs solar radiation.
W m2 with a standard deviation of 0.10 W-anrespectively.  Electron microscope images of BC particles show that they are
Where the RF due to organic carbon from fossil fuels is na@mitted as complex chain structures (e.g., Posfai et al., 2003),
explicitly accounted for in the studies, an approximate scaling/hich tend to collapse as the particles age, thereby modifying
based on the source apportionment of 0.25:0.75 is applied fdre optical properties (e.g., Abel et al., 2003). The Indian Ocean
fossil fuel organic carbon:biomass burning organic carbofExperiment (Ramanathan et al., 2001b and references therein)
(Bond et al., 2004). The mean RF of the fossil fuel componeribcussed on emissions of aerosol from the Indian sub-continent,
of organic carbon from those studies other than in AeroCorand showed the importance of absorption by aerosol in the
is —0.06 W m2, while those from AeroCom produce an RF of atmospheric column. These observations showed that the local
—0.03 W m2 with a range of —-0.01 W+hto —-0.06 W m2and  surface forcing (-23 W ) was signipcantly stronger than the
a standard deviation of around 0.02 W2niNote that these RF local RF at the TOA (-7 W ). Additionally, the presence
estimates, to a large degree, only take into account primaof BC in the atmosphere above highleetive surfaces such
emitted organic carbon. These studies all use optical propertias snow and ice, or clouds, may cause a [Bagmt positive
for organic carbon that are either entirely scattering or onlRF (Ramaswamy et al., 2001). The verticalRpeds therefore
weakly absorbing and hence the surface forcing is only slightlymportant, as BC aerosols or mixtures of aerosols containing
stronger than that at the TOA. a relatively large fraction of BC will exert a positive RF when
The mean and median for the direct RF of fossil fuel organitocated above clouds. Both microphysical (e.g., hydrophilic-to-
carbon from grouping all these studies together are identicalydrophobic nature of emissions into the atmosphere, aging of
at —0.05 W n? with a standard deviation of 0.03 WinThe  the aerosols, wet deposition) and meteorological aspects govern
standard deviation is multiplied by 1.645 to approximate théhe horizontal and vertical distribution patterns of BC aerosols,
90% corprdence interval.This leads to a direct RF estimate of and the residence time of these aerosols is thus sensitive to these
—0.05 + 0.05 W n?. factors (Cooke et al., 2002; Stier et al., 2006b).
The TAR assessed the RF due to fossil fuel BC as being +0.2
W m2 with an uncertainty of a factor of two. Those models
since the TAR that explicitty model and separate out the RF

9 1.645 is the factor relating the standard deviation to the 90% con dence interval for a normal distribution.
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Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

due to BC from fossil fuels include those from Takemura epyrogenic and biogenic emissions of aerosol in southern
al. (2000), Reddy et al. (2005a) and Hansen et al. (2005) @drica (Eatoughet al., 2003; Formenti et al., 2003; Hédy
summarised in Table 2.5. The results from a number of studies., 2003), validate the remote sensing retrievals (Haywood
that continue to group the RF from fossil fuel with that fromet al., 2003b; Ichoket al., 2003) and to study thelimence
biomass burning are also shown. Recently published results @X aerosols on the radiation budget via the direct and indirect
to K) and AeroCom studies (L to T) suggest a combined REffects (e.g., Bergstrot al., 2003; Keil and Haywood, 2003;
from both sources of +0.44 + 0.13 Wand +0.29 + 0.15 Myhreet al., 2003; Rosst al., 2003). The physical and optical
W m2 respectively. The stronger RF estimates from the modelsroperties of fresh and aged biomass burning aerosol were
A to K appear to be primarily due to stronger sources andharacterised by making intensive observations of aerosol
column loadings as the direct RF/column loading is similar asize distributions, optical properties, and DRE through
approximately 1.2 to 1.3 W my(Table 2.5). Carbonaceous situ aircraft measurements (e.g., Aladl al., 2003; Formenti
aerosol emission inventories suggest that approximately 32t al., 2003; Haywooet al., 2003b; Magi and Hobbs, 2003;
to 38% of emissions come from biomass burning sources aidrchstetteret al., 2004) and radiometric measurements (e.g.,
the remainder from fossil fuel burning sources. Models thaBergstromet al., 2003; Eclet al., 2003). The& at 0.55 -m
separate fossil fuel from biomass burning suggest an equal sglierived from near-source AERONET sites ranged from 0.85 to
in RF. This is applied to those estimates where the BC emissioAs89 (Ecket al., 2003), while& at 0.55 -+ for aged aerosol
are not explicitly separated into emission sources to provideas less absorbing at approximately 0.91 (Haywebdl.,
an estimate of the RF due to fossil fuel BC. For the AeroCor2003b). Abel et al. (2003) showed evidence tiatat 0.55
results, the fossil fuel BC RF ranges from +0.08 to +0.18"W m —-m increased from approximately 0.85 to 0.90 over a time
with a mean of +0.13 W rA and a standard deviation of 0.03 period of approximately two hours subsequent to emission,
W m2 For model results A to K, the RFs range from +0.15and attributed the result to the condensation of essentially non-
W m2 to approximately +0.27 W & with a mean of +0.25 absorbing organic gases onto existing aerosol particles. Fresh
W m-2and a standard deviation of 0.11 W2m biomass burning aerosols produced by boreal forestappear
The mean and median of the direct RF for fossil fuel BGo have weaker absorption than those from trogicas, with
from grouping all these studies together are +0.19 and +0.1& at 0.55-m greater than 0.9 (Wong and Li 2002). Boi=als
W m-2, respectively, with a standard deviation of nearly 0.10may not exert a sightant direct RF because a large proportion
W nmr2 The standard deviation is multiplied by 1.645 toof thebres are of natural origin and no sigoant change over
approximate the 90% cbdence interval and the best estimatethe industrial era is expected. However, Westerling et al. (2006)
is rounded upwards slightly for simplicity, leading to a directshowed that earlier spring and higher temperatures in USA have
RF estimate of +0.20 £+ 0.15 W-tnThis estimate does not increased wiltre activity and duration. The partially absorbing
include the semi-direct effect or the BC impact on snow and iceature of biomass burning aerosol means it exerts an RF that is

surface albedo (see Sections 2.5.4 and 2.8.5.6) larger at the surface and in the atmospheric column than at the
TOA (see Figure 2.12).
2.4.4.4 Biomass Burning Aerosol Modelling efforts have used data from measurement

campaigns to improve the representation of the physical and

The TAR reported a contribution to the RF of roughlyoptical properties as well as the vertical leo of biomass
-0.4 W m2 from the scattering components (mainly organicburning aerosol (Myhret al., 2003; Pennet al., 2003; Section
carbon and inorganic compounds) and +0.2 V¥ from the  2.4.5). These mobtations have had important consequences
absorbing components (BC) leading to an estimate of the RF @r estimates of the RF due to biomass burning aerosols
biomass burning aerosols of —0.20 WPmvith a factor of three because the RF is siguaiantly more positive when biomass
uncertainty. Note that the estimates of the BC RF from Hansdwurning aerosol overlies cloud than previously estimated (Keil
and Sato (2001), Hansen et al. (2002), Hansen and Nazarerd&aod Haywood, 2003; Myhret al., 2003; Abekt al., 2005).
(2004) and Jacobson (2001a) include the RF component While the RF due to biomass burning aerosol in clear skies is
BC from biomass burning aerosol. Radiative forcing due taertainly negative, the overall RF of biomass burning aerosol
biomass burning (primarily organic carbon, BC and inorganienay be positive. In addition to modelling studies, observations
compounds such as nitrate and sulphate) is grouped intoo& this effect have been made with satellite instruments. Hsu
single RF, because biomass burning emissions are essentialyal. (2003) used SeaWiFs, TOMS and CERES data to show
uncontrolled. Emission inventories show more d$igant that biomass burning aerosol emitted from Southeast Asia is
differences for biomass burning aerosols than for aerosols &fequently lifted above the clouds, leading to a reduction in
fossil fuel origin (Kasischke and Penner, 2004). Furthermoreg3ected solar radiation over cloudy areas by up to 100-%V m
the pre-industrial levels of biomass burning aerosols are alsmd pointed out that this effect could be due to a combination
difbcult to quantify (Ito and Penner, 2005; Mouillot et al., of direct and indirect effects. Similarly, Haywood et al. (2003a)
2006). showed that remotely sensed cloud liquid water and effective

The Southern African Regional Science Initiative (SAFARIradius underlying biomass burning aerosol off the coast
2000: see Swagt al., 2002, 2003) took place in 2000 and 20010of Africa are subject to potentially large systematic biases.
The main objectives of the aerosol research were to investigaidis may have important consequences for studies that use
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Changes in Atmospheric Constituents and in Radiative Forcing Chapter 2

Figure 2.12. Characteristic aerosol properties related to their radiative effects, derived as the mean of the results fronmibeetsriesteeroChable 2.5. All panels
except (b) relate to the combined anthropogenic aerosol effect. Panel (b) considers the total (natural plussahtipbpalgieth fenm the models. (a) Aerosol
optical depth. (b) Difference in total aerosol optical depth between model and MODIS data. (c) Shortwave Rén (of) Skafidardreemadel results. (e) Shortwave

forcing of the atmosphere. (f) Shortwave surface forcing.
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Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

correlations of2.,and cloud effective radius in estimating the essentially non-absorbing in the visible spectrum, and laboratory

indirect radiative effect of aerosols. studies have been performed to determine the hygroscopicity of
Since the biomass burning aerosols can exert absigni  the aerosols (e.g., Tang 1997; Martin et al., 2004 and references

positive RF when above clouds, the aerosol verticdblpris  therein). In the AeroCom exercise, nitrate aerosols were not

critical in assessing the magnitude and even the sign of thiecluded so fewer estimates of this compound exist compared

direct RF in cloudy areas. Textor et al. (2006) showed thdb the other aerosol species considered.

there are sigticant differences in aerosol vertical ples The mean direct RF for nitrate is estimated to be —0.10

between global aerosol models. These differences are evidaitm-2at the TOA, and the conservative scattering nature means

in the results from the recently published studies and AeroComsimilar3ux change at the surface. However, the uncertainty in

models in Table 2.5. The most negative RF of —0.05 ¥/ m this estimate is necessarily large owing to the relatively small

is from the model of Koch (2001) and from the Myhre et alnumber of studies that have been performed and the considerable

(2003) AeroCom submission, while several models have RRsncertainty in estimates, for example, of the nitraie Thus,

that are slightly positive. Hence, even the sign of the RF due @ direct RF of —0.10 + 0.10 W-#is tentatively adopted, but

biomass burning aerosols is in question. it is acknowledged that the number of studies performed is
The mean and median of the direct RF for biomass burninigsufbcient for accurate characterisation of the magnitude and

aerosol from grouping all these studies together are similar ancertainty of the RF.

+0.04 and +0.02 W m, respectively, with a standard deviation

of 0.07 W m2 The standard deviation is multiplied by 1.645 t02.4.4.6 ~ Mineral Dust Aerosol

approximate the 90% cbdence interval, leading to a direct RF

estimate of +0.03 + 0.12 W-#1 This estimate of the direct RF  Mineral dust from anthropogenic sources originates

is more positive than that of the TAR owing to improvementsnainly from agricultural practices (harvesting, ploughing,

in the models in representing the absorption properties of thevergrazing),changes in surface water (e.g., Caspian and

aerosol and the effects of biomass burning aerosol overlyingral Sea, Owens Lake) and industrial practices (e.g., cement

clouds. production, transport) (Prospero et al., 2002). The TAR reported
that the RF due to anthropogenic mineral dust lies in the range of
2.4.4.5 Nitrate Aerosol +0.4 to —0.6 W n®, and did not assign a best estimate because

of the difbculties in determining the anthropogenic contribution

Atmospheric ammonium nitrate aerosol forms if sulphatdo the total dust loading and the uncertainties in the optical
aerosol is fully neutralised and there is excess ammonigroperties of dust and in evaluating the competing shortwave
The direct RF due to nitrate aerosol is therefore sensitivend longwave radiative effects. For the sign and magnitude of
to atmospheric concentrations of ammonia as well ag NQGhe mineral dust RF, the most important factor for the shortwave
emissions. In addition, the weakening of the RF of sulphatBF is the single scattering albedo whereas the longwave RF is
aerosol in many regions due to reduced emissions (Sectisiependent on the vertical (e of the dust.
2.4.4.1) will be partially balanced by increases in the RF of Tegen and Fung (1995) estimated the anthropogenic
nitrate aerosol (e.g., Liao and Seinfeld, 2005). The TAR didontribution to mineral dust to be 30 to 50% of the total dust
not quantify the RF due to nitrate aerosol owing to the largburden in the atmosphere. Tegen et al. (2004) provided an
discrepancies in the studies available at that time. Van Dorlangpdated, alternative estimate by comparing observations of
(1997) and Jacobson (2001a) suggested relatively minor globakibility, as a proxy for dust events, from over 2,000 surface
mean RFs of —-0.03 and -0.05 W-?mrespectively, while stations with model results, and suggested that only 5 to 7%
Adams et al. (2001) suggested a global mean RF as strongafsmineral dust comes from anthropogenic agricultural sources.
—-0.22 W m?. Subsequent studies include those of Schaap &foshioka et al. (2005) suggested that a model simulation best
al. (2004), who estimated that the RF of nitrate over Europe reproduces the North African TOMS aerosol index observations
about 25% of that due to sulphate aerosol, and of Martin et akhen the cultivation source in the Sahel region contributes 0
(2004), who reported —0.04 to —0.08 W?2nfor global mean to 15% to the total dust emissions in North Africa. A 35-year
RF due to nitrate. Further, Liao and Seinfeld (2005) estimatedust record established from Barbados surface dust and satellite
a global mean RF due to nitrate of —0.16 W.rin this study, observations from TOMS and the European geostationary
heterogeneous chemistry reactions on particles were includetieteorological satellite (Meteosat) show the importance
this strengthens the RF due to nitrate and accounts for 25% @f climate control and Sahel drought for interannual and
its RF. Feng and Penner (2007) estimated a large, glaed, decadal dust variability, with no overall trend yet documented
mode nitrate burden of 0.58 mg N@-2, which would imply an ~ (Chiapello et al., 2005). As further detailed in Section 7.3,
equivalent of 20% of the mean anthropogenic sulphate burdeglimate change and GQrariations on various time scales can
Surface observations &fne-mode nitrate particles show that change vegetation cover in semi-arid regions. Such processes
high concentrations are mainly found in highly industrialiseddominate over land use changes anee above, which would
regions, while low concentrations are found in rural areagive rise to anthropogenic dust emissions (Mahowald and Luo,
(Malm et al., 2004; Putaud et al., 2004). Atmospheric nitrate i2003; Moulin and Chiapello, 2004; Tegen et al., 2004). A best
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guess of 0 to 20% anthropogenic dust burden from these work§.13; reference case and [range] of sensitivity experiments in
is used here, but it is acknowledged that a very large uncertaintyyhre and Stordal (2001a, except case 6 and 7): -0.53 [-1.4
remains because the methods used cannot exclude eithetoat0.2] / +0.13 [+0.0 to +0.8] = -0.4 [-1.4 to +1.0]; and from
reduction of 24% in present-day dust nor a large anthropogenieroCom database models, GISS: —0.75 / (+0.19) = (-0.56);
contribution of up to 50% (Mahowald and Luo, 2003;UIO-CTM*: —0.56 / (+0.19) = (-0.37); LSCE*: -0.6 / +0.3 =
Mahowald et al., 2004; Tegen et al., 2005). The REiehcy of —0.3; UMI*: -0.54 / (+0.19) = (-0.35). (See Table 2.4, Note
anthropogenic dust has not been well differentiated from that ¢&) for model descriptions.) The (*) star marked models use a
natural dust and it is assumed that they are equal. The RF duesingle scattering albedo (approximately 0.96 at 04&iJ that

dust emission changes induced by circulation changes betweilsmmore representative of recent measurements and show more
1750 and the present areRtitilt to quantify and not included negative shortwave effects. A mean longwave DRE of 0.19
here (see also Section 7.5). W m2is assumed for GISS, UMI and UIO-CTM. The scatter

In situ measurements of the optical properties of locabf dust DRE estimates Bects the fact that dust burden and
Saharan dust (e.g., Haywoetlal., 2003c; Tanrét al., 2003), 2. vary by +40 and £44%, respectively, computed as standard
transported Saharan mineral dust (e.g., Kaufman et al., 200deviation from 16 AeroCom A model simulations (Textor et
Moulin et al., 2001; Coen et al., 2004) and Asian mineral dusdl., 2006; Kinne et al., 2006). Dust emissions from different
(Huebertet al., 2003; Clarkeet al., 2004; Shi et al., 2005; studies range between 1,000 and 2,150 Tg(Zender, 2004).
Mikami et al., 2006) reveal that dust is considerably les&inally, a major effect of dust may be in reducing the burden of
absorbing in the solar spectrum than suggested by previoasthropogenic species at sub-micron sizes and reducing their
dust models such as that of WMO (1986). These new, spectragsidence time (Bauer and Koch, 2005; see Section 2.4.5.7).
simultaneous remote anid situ observations suggest that The range of the reported dust net DRE (-0.56 to +0.1
the single scattering albed&j of pure dust at a wavelength W m2), the revised anthropogenic contribution to dust DRE of
of 0.67 -m is predominantly in the range 0.90 to 0.99, withO to 20% and the revised absorption properties of dust support a
a central global estimate of 0.96. This is in accordance witemall negative value for the anthropogenic direct RF for dust of
the bottom-up modelling o&, based on the haematite content—0.1 W m2 The 90% cohdence level is estimated to be +0.2
in desert dust sources (Claquin et al., 1999; Shi et al., 2008/ m2, rel3ecting the uncertainty in total dust emissions and
Analyses of & from long-term AERONET sites Buenced by burdens and the range of possible anthropogenic dust fractions.
Saharan dust suggest an averggef 0.95 at 0.67~m (Dubovik At the limits of this uncertainty range, anthropogenic dust RF
et al., 2002), while unpolluted Asian dust during the Aeolians as negative as —0.3 W-#rand as positive as +0.1 W-tn
Dust Experiment on Climate (ADEC) had an avera@eof  This range includes all dust DREs reported above, assuming
0.93 at 0.67-m (Mikami et al., 2006 and references therein).a maximum 20% anthropogenic dust fraction, except the most
These high&, values suggest that a positive RF by dust in thgpositive DRE from Myhre and Stordal (2001a).
solar region of the spectrum is unlikely. However, absorption
by particles from source regions with variable mineralogicak.4.4.7  Direct RF for Combined Total Aerosol
distributions is generally not represented by global models.

Measurements of the DRE of mineral dust over ocean The TAR reported RF values associated with several aerosol
regions, where natural and anthropogenic contributions am@mponents but did not provide an estimate of the overall
indistinguishably mixed, suggest that the local DRE may beaerosol RF. Improved and intelrsdin situ observations and
extremely strong: Haywood et al. (2003b) made aircraft-base@mote sensing of aerosols suggest that the range of combined
measurements of the local instantaneous shortwave DRE of asrosol RF is now better constrained. For model results,
strong as —130 W 1R off the coast of West Africa. Hsu et al. extensive validation now exists for combined aerosol properties,
(2000) used Earth Radiation Budget Experiment (ERBE) ancepresenting the whole vertical column of the atmosphere,
TOMS data to determine a peak monthly mean shortwave DR&ich as2,, Using a combined estimate implicitly provides an
ofaround—-45W n#for July 1985. Interferometer measurementsalternative procedure to estimating the RF uncertainty. This
from aircraft and the surface have now measured the spectegdproach may be more robust than propagating uncertainties
signature of mineral dust for a number of cases (e.g., Highwoddom all individual aerosol components. Furthermore, a
et al., 2003) indicating an absorption peak in the centre of theombined RF estimate accounts for nonlinear processes due to
8 to 13 +m atmospheric window. Hsu et al. (2000) determinecherosol dynamics and interactions between radidnédd and
a longwave DRE over land areas of North Africa of up to +2%erosols. The role of nonlinear processes of aerosol dynamics
W m-2for July 1985; similar results were presented by Haywooiéh RF has been recently studied in global aerosol models that
et al. (2005) who determined a peak longwave DRE of up taccount for the internally mixed nature of aerosol particles
+50 W nr2 at the top of the atmosphere for July 2003. (Jacobson, 200l1a; Kirkevag and Iversen, 2002; Liao and

Recent model simulations report the total anthropogeniS&einfeld, 2005; Takemurat al., 2005; Stieet al., 2006b).
and natural dust DRE, its components and the net effect &ixing of aerosol particle populationsf3nences the radiative
follows (shortwave / longwave = net TOA, in W-#n H. properties of the combined aerosol, because mixing changes
Liao et al. (2004): —0.21 / +0.31 = +0.1; Reddy et al. (2005akize, chemical composition, state and shape, and this feed backs
-0.28 / +0.14 = —0.14; Jacobson (2001a): —0.20 / +0.07 to the aerosol removal and formation processes itself. Chung
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and Seinfeld (2002), in reviewing studies where BC is mixedection 2.4.4.6) are missing in most of the model simulations.
either externally or internally with various other componentsAdding their contribution yields an overall model-derived
showed that BC exerts a stronger positive direct RF wheaerosol direct RF of —-0.4 W-#(90% corpdence interval: 0
mixed internally. Although the source-related processes fao —0.8 W m?2).
anthropogenic aerosols favour their submicron nature, natural Three satellite-based measurement estimates of the aerosol
aerosols enter the picture by providing a condensation surfad@ect RF have become available, which all suggest a more
for aerosol precursor gases. Heterogeneous reactions on segative aerosol RF than the model studies (see Section
salt and dust can reduce the sub-micron sulphate load by 2&8%.2.1.3). Bellouin et al. (2005) computed a TOA aerosol RF
(H. Liao et al., 2004) thereby reducing the direct and indirecof —0.8 + 0.1 W n®?. Chung et al. (2005), based upon similarly
RFs. Bauer and Koch (2005) estimated the sulphate RF txtensive calculations, estimated the value to be —0.35 £ 0.25
weaken from -0.25 to -0.18 W-frwhen dust is allowed to W m= and Yu et al. (2006) estimated it to be —-0.5 + 0.33
interact with the sulphur cycle. It would be useful to identifyW m2. A central measurement-based estimate would suggest
the RF contribution attributable to different source categoriean aerosol direct RF of —0.55 W-inFigure 2.13 shows the
(Section 2.9.3 investigates this). However, few models havebservationally based aerosol direct RF estimates together with
separated out the RF from spgeciemission source categories. the model estimates published since the TAR.
Estimating the combined aerosol RF ibrat step to quantify The discrepancy between measurements and models
the anthropogenic perturbation to the aerosol and climate also apparent in oceanic clear-sky conditions where the
system caused by individual source categories. measurement-based estimate of the combined aerosol DRE
A central model-derived estimate for the aerosol direct Rincluding natural aerosols is considered unbiased. In these
is based here on a compilation of recent simulation resul@reas, models underestimate the negative aerosol DRE by 20
using multi-component global aerosol models (see Table 2.6Jo 40% (Yuet al., 2006). The anthropogenic fraction 2f;
This is a robust method for several reasons. The complexitg similar between model and measurement based studies.
of multi-component aerosol simulations captures nonlinealKaufman et al(2005a) used satellite-observede-mode 2,
effects. Combining model results removes part of the erroi® estimate the anthropogengg, Correcting folPne-mode2,,
in individual model formulations. As shown

by Textor et al. (2006), the model-speci Aerosol Direct Radiative Forcing

treatment of transport and removal processes _ T T T
is partly responsible for the correlated %B Bellouin et al. (2005)
dispersion of the different aerosol components. $§ Chung et al. (2005) |
A less dispersive model with smaller burdens é Yu et al. (2005) E
necessarily has fewer scattering and absorbing ) ) T T
aerosols interacting with the radiatibeld. An < GISS_1 (a0 and senfed, 2005) : :
error in accounting for cloud cover would affect g | G!SS-2 (tae and seinfed, 2005) | |
the all-sky RF from all aerosol components. 5| LOA Reddyand Boucher, 2004) | |
Such errors result in correlated RIB&Encies k5 Tk o oS : :
for major aerosol components within a given %;’ (Kikevdg and oo ooy E E
model. Directly combining aerosol RF results 2| GATORG (iacobson, 2001a) ! !
gives a more realistic aerosoI_RF uncertainty § GISS (Hansen et a1 2005) ! !
estimate. The AeroCom compilation suggests = I
. . . . GISS (Koch, 2001) |
signibcant differences in the modelled local and : : I
regional composition of the aerosol (see also uml ! ! :
Figure 2.12), but an overall reproduction of the UIO_CTM : ! !
total 2, variability can be performed (Kinne w LOA ! ! !
et al., 2006). The scatter in model performance 3 LSCE . . |
suggests that currently no preference or £ ECHAMS.HAM E E E
weighting of individual model results can be E I I |
used (Kinneet al., 2006). The aerosol RF taken 3@ eS| | :
together from several models is more robust < uio_GCM : : |
. . | | I
than an analysis per component or by just one SPRINTARS ! ! !
model. The mean estimate from Table 2.6 of uLAQ i i i

the total aerosol direct RF is —0.2 W3rwith

a standard deviation of £0.2 W-nThis is a

low-end estimate for both the aerosol RF and

uncertainty because nitrate (estimated as _O_ﬁigure 2:13. Estimates of the direct _aer_osol ‘RF from observationally based studie_s, i_ndependent ma

W 2, see Section 2.4.4.5) and anthropogeni ing studies, and AeroCom results with identical aerosol and aerosol precursor emissions. GISS_1 re
. ’ e PogenIG, 5 study employing an internal mixture of aerosol, and GISS_2 to a study employing an external m

mineral dust (estimated as —0.1 W2msee  See Table 2.4, Note (a) for descriptions of models.

-0.8 -0.6 -0.4 -0.2 0
Radiative Forcing (W m2)
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Chapter 2 Changes in Atmospheric Constituents and in Radiative Forcing

contributions from dust and sea salt, they found 21% of the total An uncertainty estimate for the model-derived aerosol direct
2,10 be anthropogenic, while Table 2.6 suggests that 29% &F can be based upon two alternative error analyses:
2., 1s anthropogenic. Finally, cloud contamination of satellite
products, aerosol absorption above clouds, not accounted forl) An error propagation analysis using the errors given in the
in some of the measurement-based estimates, and the complex sections on sulphate, fossil fuel BC and organic carbon,
assumptions about aerosol properties in both methods can biomass burning aerosol, nitrate and anthropogenic
contribute to the present discrepancy and increase uncertainty mineral dust. Assuming linear additivity of the errors, this
in aerosol RF. results in an overall 90% cbdence level uncertainty of

A large source of uncertainty in the aerosol RF estimates is 0.4 W m2
associated with aerosol absorption. Sato et al. (2003) determined
the absorptiorg,, from AERONETmeasurements asdggested 2) The standard deviation of the aerosol direct RF results in
that aerosol absorption simulated by global aerosol models is  Table 2.6, multiplied by 1.645, suggests a 90%~demce
underestimated by a factor of two to four. Schuster et al. (2005)  level uncertainty of 0.3 W 8, or 0.4 W m2when mineral
estimated the BC loading over continental-scale regions. The  dust and nitrate aerosol are accounted for.
results suggest that the model concentrations and absorption
2., of BC from models are lower than those derived from Therefore, the results summarised in Table 2.6 and Figure
AERONET. Some of this difference in concentrations could.13, together with the estimates of nitrate and mineral dust RF
be explained by the assumption that all aerosol absorption c@mbined with the measurement-based estimates, provide an
due to BC (Schuster et al., 2005), while a sigant fraction estimate for the combined aerosol direct RF of —0.50 + 0.40
may be due to absorption by organic aerosol and mineral dudt m-2 The progress in both global modelling and measurements
(see Sections 2.4.4.2, and 2.4.4.6). Furthermore, Reddy et af. the direct RF of aerosol leads to a medium-low level of
(2005a) show that comparison of the aerosol absorplign scientbc understanding (see Section 2.9, Table 2.11).
from models against those from AERONET must be performed
very carefully, reducing the discrepancy between their modeél.4.5 Aerosol In  uence on Clouds (Cloud Albedo
and AERONET derived aerosol absorpti@g, from a factor Effect)
of 4 to a factor of 1.2 by careful co-sampling of AERONET
and model data. As mentioned above, uncertainty in the vertical As pointed out in Section 2.4.1, aerosol particles affect
position of absorbing aerosol relative to clouds can lead to larghe formation and properties of clouds. Only a subset of the
uncertainty in the TOA aerosol RF. aerosol population acts as cloud condensation nuclei (CCN)

The partly absorbing nature of the aerosol is responsible f@and/or ice nuclei (IN). Increases in ambient concentrations of
a heating of the lower-tropospheric column and also resulSCN and IN due to anthropogenic activities can modify the
in the surface forcing being considerably more negative thamicrophysical properties of clouds, thereby affecting the climate
TOA RF, results that have been bomed through several system (Pennegt al., 2001; Ramanatha al., 2001a, Jacob
experimental and observational studies as discussed in earlaral., 2005). Several mechanisms are involved, as presented
sections. Table 2.6 summarises the surface forcing obtainedhematically in Figure 2.10. As noted in Ramaswamy et al.
in the different models. Figure 2.12 depicts the regiona{2001), enhanced aerosol concentrations can lead to an increase
distribution of several important parameters for assessinig the albedo of clouds under the assumptiodmafd liquid
the regional impact of aerosol RF. The results are based onnater content (Junge, 1975; Twomey, 1977); this mechanism
mean model constructed from AeroCom simulation results Bs referred to in this report as the ‘cloud albedo effect’. The
and PRE. Anthropogeni@,, (Figure 2.12a) is shown to have aerosol enhancements have also been hypothesised to lead
local maxima in industrialised regions and in areas dominatetd an increase in the lifetime of clouds (Albrecht, 1989); this
by biomass burning. The difference between simulated angiechanism is referred to in this report as the ‘cloud lifetime
observed2,, shows that regionally., can be up to 0.1 (Figure effect’ and discussed in Section 7.5.
2.12b). Figure 2.12c suggests that there are regions off SouthernThe interactions between aerosol particles (natural and
Africa where the biomass burning aerosol above clouds lea@dsthropogenic in origin) and clouds are complex and can be
to a local positive RF. Figure 2.12d shows the local variabilitynonlinear (Ramaswamgt al., 2001). The size and chemical
as the standard deviation from nine models of the overall REomposition of the initial nuclei (e.g., anthropogenic sulphates,
The largest uncertainties of +3 W-$rare found in East Asia nitrates, dust, organic carbon and BC) are important in the
and in the African biomass burning regions. Figure 2.12activation and early growth of the cloud droplets, particularly
reveals that an average of 0.9 W2rheating can be expected the water-soluble fraction and presence of compounds that affect
in the atmospheric column as a consequence of absorption byrface tension (McFiggans et al., 2006 and references therein).
anthropogenic aerosols. Regionally, this can reach annual®loud optical properties are a function of wavelength. They
averaged values exceeding 5 W2nThese regional effects and depend on the characteristics of the droplet size distributions
the negative surface forcing in the shortwave (Figure 2.12fand ice crystal concentrations, and on the morphology of the
is expected to exert an important effect on climate througharious cloud types.
alteration of the hydrological cycle.
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The interactions of increased concentrations ofpectral evolution (indicated in the early laboratory work of
anthropogenic particles with shallow (stratocumulus and Gunn and Philips, 1957), but the picture that emerges is not
shallow cumulus) and deep convective clouds (with mixeadomplete. Airborne aerosol mass spectrometers prdwioe
phase) are discussed in this subsection. This section preseaetsdence that ambient aerosols consist mostly of internal
new observations and model estimates of the albedo effechixtures, for example, biomass burning components, organics
The associated RF in the context of liquid water clouds iand soot are mixed with other aerosol components (McFiggans
assessed. In-depth discussion of the induced changes tleatl., 2006). Mircea et al. (2005) showed the importance of the
are not considered as RFs (e.g., semi-direct and cloud covenganic aerosol fraction in the activation of biomass burning
and lifetime effects, thermodynamic response and changes &erosol particles. The presence of internal mixtures (e.g., sea
precipitation development) are presented in Section 7.5. Trealt and organic compounds) can affect the uptake of water
impacts of contrails and aviation-induced cirrus are discussed and the resulting optical properties compared to a pure sea salt
Section 2.6 and the indirect impacts of aerosol on snow albegbarticle (Randlest al., 2004). Furthermore, the varying contents

are discussed in Section 2.5.4. of water-soluble and insoluble substances in internally mixed
particles, the vast diversity of organics, and the resultant effects
2451 Link Between Aerosol Particles and Cloud on cloud droplet sizes, makes the situation even more complex.
Microphysics Earlier observations of fog water (Facchini et al., 1999, 2000)

suggested that the presence of organic aerosols would reduce

The local impact of anthropogenic aerosols has been knovwsurface tension and lead to a skgant increase in the cloud
for a long time. For example, smoke from sugarcane androplet number concentration (Nenes et al., 2002; Rissler et al.,
forestbres was shown to reduce cloud droplet sizes in earl2004; Lohmann and Leck, 2005; Ming et al., 2005a; McFiggans
case studies utilisingn situ aircraft observations (Warner et al., 2006). On the other hand, Feingold and Chuang (2002)
and Twomey, 1967; Eagast al., 1974). On a regional scale, and Shantz et al. (2003) indicated that organic coating on CCN
studies have shown that heavy smoke from fdpess$ in the delayed activation, leading to a reduction in drop number and
Amazon Basin have led to increased cloud droplet number broadening of the cloud droplet spectrum, which had not
concentrations and to reduced cloud droplet sizes @eatl, been previously considered. Ervens et al. (2005) addressed
1999; Andreaet al., 2004; Mircea et al., 2005). The evidencenumerous composition effects in unison to show that the effect
concerning aerosol mdetation of clouds provided by the of composition on droplet number concentration is much less
ship track observations reported in the TAR has been furthéinan suggested by studies that address individual composition
conPrmed, to a large extent qualitatively, by results from eeffects, such as surface tension. The different relationships
number of studies using situ aircraft and satellite data, observed between cloud optical depth and liquid water path in
covering continental cases and regiosialdies. Twohy et al. clean and polluted stratocumulus clouds (Penner et al., 2004)
(2005) explored the relationship between aerosols and cloutisive been explained by differences in sub-cloud aerosol particle
in nine stratocumulus cases, indicating an inverse relationshgstributions, while some contribution can be attributed to CCN
between particle number and droplet size, but no correlatiocomposition (e.g., internally mixed insoluble dust; Asano et al.,
was found between albedo and particle concentration in tH&02). Nevertheless, the review by McFiggans et al. (2006)
entire data set. Feingold et al. (2003), Kim et al. (2003) angoints to the remaining ditulties in quantitatively explaining
Penner et al. (2004) presented evidence of an increase in tinwe relationship between aerosol size and composition and the
ref3ectance in continental stratocumulus cases, utilising remotesulting droplet size distribution. Dusek et al. (2006) concluded
sensing techniques at sgecibeld sites. The estimates in that the ability of a particle to act as a CCN is largely controlled
Feingold et al. (2003) cémm that the relationship between by size rather than composition.
aerosol and cloud droplet number concentrations is nonlinear, The complexity of the aerosol-cloud interactions and local
that isNy 8§(N,)P, whereN, is the cloud drop number density atmospheric conditions where the clouds are developing are
andN, is the aerosol number concentration. The pararbeter factors in the large variation evidenced for this phenomenon.
this relationship can vary widely, with values ranging from 0.06Advances have been made in the understanding of the regional
to 0.48 (low values ob correspond to low hygroscopicity). and/or global impact based on observational studies, particularly
This range highlights the sensitivity to aerosol characteristickor low-level stratiform clouds that constitute a simpler cloud
(primarily size distribution), updraft velocity and the usagesystem to study than many of the other cloud types. Column
of aerosol extinction as a proxy for CCN (Feingold, 2003)aerosol number concentration and column cloud droplet
Disparity in the estimates bf(or equivalent) based on satellite concentration over the oceans from the AVHRR (Nakajima et
studies (Nakajima et al., 2001; Breon et al., 2002) suggests tradt, 2001) indicated a positive correlation, and an increase in
a quantitative estimate of the albedo effect from remote sensahortwave rBectance of low-level, warm clouds with increasing
is problematic (Rosenfeld and Feingold 2003), particularlycloud optical thickness, while liquid water path (LWP) remained
since measurements are not considered for similar liquid watenmodbed. While these results are only applicable over the
paths. oceans and are based on data for only four months, the positive

Many recent studies highlight the importance of aerosotorrelation between an increase in clouBeance and an
particle composition in the activation process and dropleenhanced ambient aerosol concentration has be&nmed by
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other studies (Brenguiet al., 2000a,b; Rosenfedd al., 2002). and the presence of small crystal populations, there is a need to
However, other studies highlight the sensitivity to LWP, linkingfurther develop the solution for radiative transfer through such
high pollution entrained into clouds to a decrease in LWP anslystems.
a reduction in the observed cloudieetance (Jiangt al.,
2002; Brenguieet al., 2003; Twohy et al., 2005). Still others 2.4.5.2  Estimates of the Radiative Forcing from Models
(Han et al., 2002, using AVHRR observations) have reported
an absence of LWP changes in response to increases in theGeneral Circulation Models constitute an important and
column-averaged droplet number concentration, this occurragseful tool to estimate the global mean RF associated with
for one-third of the cloud cases studied for which optical depththe cloud albedo effect of anthropogenic aerosols. The model
ranged between 1 and 15. Results of large-eddy simulations e$timates of the changes in cloudegetance are based on
stratocumulus (Jiang et al., 2002; Ackerman et al., 2004; Lforward calculations, considering emissions of anthropogenic
and Seinfeld, 2005) and cumulus clouds (Jiang and Feingoldrimary particles and secondary particle production from
2006; Xue and Feingold, 2006) seem to lrom the lack of anthropogenic gases. Since the TAR, the cloud albedo effect
increase in LWP due to increases in aerosols; they point toleas been estimated in a more systematic and rigorous way
dependence on precipitation rate and relative humidity abov@llowing, for example, for the relaxation of tired LWC
the clouds (Ackerman et al., 2004). The studies above highliglatiterion), and more modelling results are now available. Most
the difeculty of devising observational studies that can isolatelimate models use parametrizations to relate the cloud droplet
the albedo effect from other effects (e.g., meteorologicahumber concentration to aerosol concentration; these vary
variability, cloud dynamics) that Buence LWP and therefore in complexity from simple empiricabts to more physically
cloud RF. based relationships. Some models are run under an increasing

Results from the POLDER satellite instrument, whichgreenhouse gas concentration scenario and include estimates of
retrieves both submicron aerosol loading and cloud droplgiresent-day aerosol loadings (including primary and secondary
size, suggest much larger cloud effective radii in remote oceanéerosol production from anthropogenic sources). These global
regions than in the highly polluted continental source areas amdodelling studies (Table 2.7) have a limitation arising from the
downwind adjacent oceanic areas, namely from a maximum einderlying uncertainties in aerosol emissions (e.g., emission
14 -m down to 6-m (Bréonet al., 2002). This cdrms earlier  rates of primary particles and of secondary particle precursors).
studies of hemispheric differences using AVHRR. Further, thénother limitation is the inability to perform a meaningful
POLDER- and AVHRR-derived correlations between aerosotomparison between the various model results owing to
and cloud parameters are consistent with an aerosol indirediffering formulations of relationships between aerosol particle
effect (Sekiguchi et al., 2003). These results suggest that tikencentrations and cloud droplet or ice crystal populations;
impact of aerosols on cloud microphysics is global. Note thahis, in turn, yields differences in the impact of microphysical
the satellite measurements of aerosol loading and cloud droplgtanges on the optical properties of clouds. Further, even when
size are not coincident, and an aerosol index is not determinedtire relationships used in different models are similar, there
the presence of clouds. Further, there is a lack of simultaneoage noticeable differences in the spatial distributions of the
measurements of LWP, which makes assessment of the closignulated low-level clouds. Individual models’ physics have
albedo RF difcult. undergone considerable evolution, and it isclift to clearly

The albedo effect is also estimated from studies thatlentify all the changes in the models as they have evolved.
combinedsatellite retrievals with a CTM, for example, in the While GCMs have other well-known limitations, such as coarse
case of two pollution episodes over the mid-latitude Atlantispatial resolution, inaccurate representation of convection and
Ocean. Results indicated a brightening of clouds over a timeence updraft velocities leading to aerosol activation and cloud
scale of a few days in instances when LWP did not undergimrmation processes, and microphysical parametrizations, they
any signbcant changes (Hashvardhanal., 2002; Schwartz nevertheless remain an essential tool for quantifying the global
et al., 2002; Kriiger and Gria 2002). There have been fewer cloud albedo effect. In Table 2.7, differences in the treatment of
studies on aerosol-cloud relationships under more compleke aerosol mixtures (internal or external, with the latter being
meteorological conditions (e.g., simultaneous presence dfie more frequently employed method) are noted. Case studies
different cloud types). of droplet activation indicate a clear sensitivity to the aerosol

The presence of insoluble particles within ice crystalsomposition (McFiggans et al., 2006); additionally, radiative
constituting clouds formed at cold temperatures has dsignmi  transfer is sensitive to the aerosol composition and the insoluble
inBuence on the radiation transfer. The inclusions of scatterinfgaction present in the cloud droplets.
and absorbing particles within large ice crystals (Maztkal., All models estimate a negative global mean RF associated
1996) suggest a sigrdant effect. Hence, when soot particles arewith the cloud albedo effect, with the range of model results
embedded, there is an increase in the asymmetry parameter asadying widely, from —-0.22 to —-1.85 W -# There are
thus forward scattering. In contrast, inclusions of ammoniunconsiderable differences in the treatment of aerosol, cloud
sulphate or air bubbles lead to a decrease in the asymmepxocesses and aerosol-cloud interaction processes in these
parameter of ice clouds. Given the recent observations ofiodels. Several models include an interactive sulphur cycle
partially insoluble nuclei in ice crystals (Cziczo et al., 2004)and anthropogenic aerosol particles composed of sulphate, as

173



Chapter 2

Changes in Atmospheric Constituents and in Radiative Forcing

1SS pax  ‘9)ahkd

saIsAydouain

papnjoul

sadA1 pnojD

5 Salnixiw

|0S0IBY

|0SOIaY

(S66T) ‘e 18 Jayonog (SE6T) UuewWYOoT] pue Jayonog aseyd paxiw inydins aAnoelalul
(opaqre) £'1— ‘UoIeNUS2UOD Jaquinu 18|doip pnojo pue ssew |0solay pue wiem e'u S + (Zaw) Noov (¥002) "Je 10 seend
SS 1SS pax
(opaqre) ¥5'0 (826TsIAbpuns (2196T)A1eg wioyirens 3 ‘08'00'S ‘(ueder) NOOV (¥002) 1e 18 pinzns
(epow
uone|nwNdoe
10§) 1 :(0d 19Ny
(opaqie) ge'1— SPNOJO BAI109AUOD aseyd paxiw |ISS0} pue apow a‘ss 1SS pax
(le301) 28T~ | Bulurensp pue wioyens "(866T) UOSSUEASUY pue yosey pue wrem | uopesjonu loj) 3 ‘09 '00'S (4vON) ENDD (z00z) uossuehisiy
paurensuod Ajjood suaping |osolae [eqo|9 (siake|
aulu Ajuo 1nQ) Spnojo 10 uonNQuUISIP [ediaA pasoidwi 1SS pax
(opaqe) gG'1— |  ‘eseyd paxiw pue wrepn “(686T) ‘e 19 1siAbpuns (966T) ‘81040 unydjns
(re103) Tv'z— | "[e 19 089D 8@ ‘DM PUE UORINUSIU0D Jaquinu 13|doiQ wem 3 SS '00'S +(SS19) WO9 (ez002) Te 18 uousy
uolyesuapuod Aq 1SS pax
BuimoiB usym ‘(YNOLNVYHD)
99UB9S8|BOI/UOISI||0D OU aseyd paxiw )| ‘(soonued a‘ss Ansiwayo
(opaqie) 568'1— '(S66T) Jauuad pue Buenyd woij pa PO pue wrem paniwa 10}) 3 ‘08'00''S + (4VON) TWDD (2002) 1e 18 Buenyo
Sapow snoleA ay) bunoaye (sepow uiynm) 1SS pax
(opaqe) g8'0— | Ssassadoid Juaiayig JUSIUOI JaTeM 321 pue UoNeIUSdU0D aseyd paxiw | {(sapouwl a‘N‘ss | ‘(@ovdin) Aasiwayo
(re10) 21— [e1sA1o ‘DN pue uoneusdUod Jaquinu 1ejdoiq pue wrem uB1a1p 104) 3 ‘09 '00''S + (INNd) WOOV (T002) e 18 UBYD
(pasealoap anfen
piw ‘opaqre) ZT'T— 8Joko
9SBaI28p %GE 01 ZT uoisiadsip jo uoisnjau| anydins aanoelaiu] | (£00g) NI pue ukelsioy
Buipeo) Inydins
aseyd paxiw pue 1SS pax (T002)
(opaqie) 61— (0002) ‘1e 19 ukeisioy :(266T) uAeisioy pue wem 'y S ‘(0dIS2) Woov lauuad pue ukelsioy
(opagre)er 1
(resoy) 29°1— 1SS pax ‘NODV
(Ao|peH) ajahd
(opaqre) 11— snjnwNd Mmojreys Inydins + ueadso
(re10)) 69'1— (T002) "Ie 1@ sauor pue wioyens 3 SS's gels yum NO9O | (qT00Z) ‘e 18 SWel|iim
sajoned 991 [eouBYds-uou ‘SnuId JIAUR JO Juswieal] (uoneipel ou (As|peH)
anielpel ‘aseyd paxiw pue wrep (¥66T) ‘e 19 Jamog snjnwno ‘pue| Jano q o} 1SS pax
(opaqre) ve'1— :(086T) uonoD pue 1joduy (066T) YNWS (666T) prelred Mmo|reys 1dwane apnio ) ‘ajoko Inydins
(re101) 68°'1— pue uos|ip\ ‘DA pUR uoieuadu0 Jaqunu 1ajdoiqg pue wJiojnens 3 a‘ss'‘s + NDOV (T002) ‘e 1o sauor
(rexon) 1~ 3
SuUONeAISsqo p|o (YINVHO3)
(opaqe) sv'0— wloJ} Jaquinu pue ssew ‘os|y (686T) e 18 i1siAbpuns aseyd paxiw a‘ss 9J9A2 unydins
(re101) TT- | ‘(¥66T) Busyag ‘DM pue uonenusduod Jaquinu 19idoiq pue w.em | ‘0900 'S + ND9OV (0002) e 18 uuewyoT]

"s|rejop dipye sy im ‘SpNojo Jatem pinbi| Jo 1X8IU0D S} Ul ‘19348 Opag[e Pnojo 0} aNP 43 Ay} JO SAIPNIS [9PoW paysliand *2'Z dlgeL

17



Changes in Atmospheric Constituents and in Radiative Forcing

Chapter 2

(9 N
‘opaqre) 62 T— (€002) pIdUIBS pue SBuaN
(G N
‘opaqre) 62’ T— (266T) "Te 10 Buenyd
N MO :JUBID J209 uoIsIadsIp
‘opaqe) 0T’ T— pue uonenuad’uod 1vjdoip usamiaq diysuone|ay
(€N
‘opaqfe) L0'T— Aol yelpdn
(@ N WNIPaIA :Usld }209 uoisiadsip
‘opaqe) 98'0— pue uonenuaduod 19jdoip usamiaq diysuone|ay
(T AN ybiH ua10 1909 uoisiadsip
‘opaqe) G/ 0— pue uoneluaduod 19|doip usamiaq diysuone|ay
y (97N
‘opaqre) 0€'T— (zo0z ‘ueyo pue ezzey-|npay) [03U0D
(rewuouboy) aseyd paxiw 24 ‘00 1SS pax (5002)
uoneUSdU0I Jaquinu 18|dolp pnojo pue ssew [0SoIaY pue wuem | ‘a‘ss ‘s + (NN) WDOV Jauuad pue uayd
(0g pue DO J0)) |
(opaqre) zs'0— ‘(jany 1SS0} Wouy a‘ss U390 gels +
(rex0) ¥6°0— An00jaA yeipdn pue 108y} J8|Y0Y UO Paseq UoNeANdY wrem 249 %08) 3 ‘0900 'S | (SUVLNIYCS) W09V | (S5002) ‘e 18 einwaxer
1SS pax  ‘9)ahkd
elep Y3d710d 01 Py ‘(G66T) ‘UuewyoT pue Iayonog Inydins annoesaiul
s(opage) zz'0— ‘uone)UB2U0I Jagwinu 18]doip pPNojd pue SSew |0SoIaY wem eu S + (zawm) Woov (S002) e 1@ susanng
dYINVHOT)
[e101) 62°0—
s(zann erep SIGON 03 pan
[e101) €5°0— uoITeNUadU0D Jaquinu 18|dolp pnojd pue Ssew |0S0Iay
(Po-¥INVYHO3I)
[e101) ¥G T~
(no-zawn (n0) sunu j03u02 ‘(G66T) ‘UuWIYOT pUE 18yonog aseyd paxiw a‘'ss (rIWvHO3T pue
[e101) ¥8'0— ‘uoieIIUdIUOD Jagquinu 191doip pnojo pue Ssew |0SolaY pue wuem 3 ‘099 ‘D0 ‘S Zan) WOSV (5002) ‘Ie 1@ seend
a(opaqre) €'0— elep SO 011
a(opaqe) G0 'lep ¥3a70d 01}
uniJ |ouod 1SS pax  ‘sahd
(566T) "e 18 Jayonog :(S66T) uuewyo pue Jayonog aseyd paxiw a‘ss Inydins aanoe.sul (S002)
(opaqie) 60— ‘UoIeIIUBIUOD Jaguinu 18]doJp pNojd pue SSew |0SolaY pue wem 3 ‘D9 ‘00 ‘s + (zanw) Woosv Jayonog pue seend)
(epow
uonenwinooe
10}) | {(og 1eny ueado ge|s sajaAd
(eoeWNS ay1 1e SPNOJ2 3AII9AUOD aseyd paxiw |ISS0} pue apow d‘ss uogJed pue Inydins (5002)
‘'e1ol) GT'1— Buiurenap pue wuoyrens ‘(zooz) uossuelsuy pue wrem | uoneajonu Joy) J ‘D9 ‘00 ‘S + (4VDON) EWDD ‘e 19 uossueNsuy|
(spnojo ui
(eduoz. papnjoul Jou Q) suoneziaweled
(200Z ‘oluas |2@ pue UOUSJ\) UONRIIUSIUOD MOJ3q) MO|[eys a ‘N ‘ss ueado0 Jualaylp
(opaqre) £2°0— | 19quinu jo|doiq "siake| [edlBA 0Z (S002) ‘[e 18 IPIYDS pue wiem 3 ‘09 '00'S € + (SS19) W09 (5002) "le 18 ussueH

ple- W M)

Buiolo4 anneipey

saisAydouoiy

papnpul
sadA1 pnojD

5 Salnixiw
|0S0JaY

q Salvads
|0S0IBY

(penunuod) /g 8joeL

175



Chapter 2

Changes in Atmospheric Constituents and in Radiative Forcing

$T°2 2inbBiq ul paisy| se ‘uebIydIA JO ANSISAIUN 0} SpUOdsSallod NN uonelou 8yl

*uoNeIUB2UOD Jaquinu 19|doip PNOJO pue SSew [0S0l alejal 011  [eauidwa awes ay) Buisn ‘SuoieAIaSqo alj|ees AQ pauresisuod usaq aAey suone|nwIs 8sayl s
'97°Z 2InBl4 19N1SU0I 0} Pasn alam siaquinu pjog 3yl AluQ  p
"SBINIXIW [RUIBIUI ;| ‘SBINIXIW [eUISIXD T o
"aredju :N ‘uogted olueblo 1D ‘uogied yoe|q :0g ‘ISNp [eJdulW :q ‘es eas :SS ‘eleydins iS g
*UWIN|o2 SIY} Ul PaJsI| Saiuad Buijiepow
pue sjapouw Jaylo jo Bunsi) 1o} (B) 310N ‘t'Z 9|qel 99S ‘Yoleasay WaisAS arewl|d 1oy anua) :¥4SOD ‘Aioreloge solweuAq pinjd [eaisAydoas :7g4o |opow [eaoway pue Lodsuel] [0S04aY [ego[D :HNOLNVEO
‘sabueyox3 [eqo|D ousydsowly Uo yoreasay parelBaiul 1of [9pO :IOVHIN ‘uonesiueBfIQ yoleasay [eLIsnpu| pue 9 NUSIDS YIeamuowiwo :0HISD ‘ainmeiadws) aoeuns eas ;1SS {INDO duaydsowny (NDOY e

:S910N
(4500 opaqre) 20— (826T) ¥sinbpuns T Juswiiadxa
(zaw1 opaqre) 89'0— | '(5002) Jauuad pue uayd (S66T) ‘UuewyoT pue Jayonog aseyd paxiw 24 '00 fS[SeJe) wol} synsal
(o]so opaqe) 59'0— ‘uoneUadU0I Jagwinu 19|doip pNojd pue Ssew |0Solay pue wJiem E| ‘a‘ss ‘s pue 0[SO ‘ZAiN (9002) e 10 Jauuad
Buipeo| Jnydins
(opage) #'1- aull-4o s|osolay pue 1SS pax
(rer01) €'2— | "(0002) uehoy pue Aoulpinoiurey ‘(0002) ‘e 19 ukeisioy wem eu S ‘(1a49) Woov (as002) e 18 Buin

pz- W M) papnjoul 5 Salnxiw q Saloads

Buloio4 anneipey soisAydouoiy sadA) pno|D |0soIay |osoiay

(panunuod) 2z ajgeL

176



Chapter 2

Changes in Atmospheric Constituents and in Radiative Forcing

well as naturally produced sea salt, dust and

continuously outgassing volcanic sulphate
aerosols. Lohmann et al. (2000) and Chuang®.
et al. (2002) included internally mixed 3
sulphate, black and organic carbon, sea”
salt and dust aerosols, resulting in the most &

. . . . [9)
negative estimate of the cloud albedo indirect § CSIRO (Rotstayn and Liu, 2003)

effect. Takemura et a{2005) used a global

aerosol transport-radiation model coupled
to a GCM to estimate the direct and indirect
effects of aerosols and their associated
RF. The model includes a microphysical
parametrization to diagnose the cloud
droplet number concentration using Koéhler
theory, which depends on the aerosol particle
number concentration, updraft velocity, size
distributions and chemical properties of each
aerosol species. The results indicate a global

decrease in cloud droplet effective radius Z
caused by anthropogenic aerosols, with®
the global mean RF calculated to be —0.52%
W m2 the land and oceanic contributions 8
are —-1.14 and -0.28 W -# respectively. 9
Other modelling results also indicate that the o5
mean RF due to the cloud albedo effect is on &
average somewhat larger over land than overg

Aerosol s

oceans; over oceans there is a more consisten§ UM_2 (Chen and Penner, 2005)

response from the different models, resulting
in a smaller inter-model variability (Lohmann
and Feichter, 2005).

Chen and Penner (2005), by systematically
varying parameters, obtained a less negative
RF when the in-cloud updraft velocity was
made to depend on the turbulent kinetic
energy. Incorporating other cloud nucleation
schemes, for example, changing from Abdul-
Razzak and Ghan (2002) to the Chuang et
al. (1997) parametrization resulted in no RF
change, while changing to the Nenes and
Seinfeld (2003) parametrization made the RF
more negative. Rotstayn and Liu (2003) found
a 12 to 35% decrease in the RF when the size
dispersion effect was included in the case of
sulphate particles. Chen and Penner (2005)
further explored the range of parameters used
in Rotstayn and Liu (2003) and found the
RF to be generally less negative than in the
standard integration.

A model intercomparison study (Penner

Aeroso

Radiative Forcing from Cloud Albedo Effect

Hadley (Jones et al., 2001)
Hadley (Williams et al., 2001b)
CSIRO (Rotstayn and Penner, 2001)

GISS (Menon et al., 2002b)

LMDZ (Quaas et al., 2004)
LMDZ/POLDER (Dufresne et al., 2005)

GFDL (Ming et al., 2005b)

ECHAM (Lohmann et al., 2000)

PNNL (Ghan et al., 2001)

NCAR-CCM (Chuang et al., 2002)
NCAR-CCM (Kristjansson, 2002)
SPRINTARS (Suzuki et al., 2004)
SPRINTARS (Takemura et al., 2005)
GISS (Hansen et al., 2005)

LMDZ/CTRL (Quaas and Boucher, 2005)
LMDZ/POLDER (Quaas and Boucher, 2005)
LMDZ/MODIS (Quaas and Boucher, 2005)
UM_ctrl (Chen and Penner, 2005)

UM_1 (Chen and Penner, 2005)

UM_3 (Chen and Penner, 2005)
UM_4 (Chen and Penner, 2005)
UM_5 (Chen and Penner, 2005)
UM_6 (Chen and Penner, 2005)
Oslo (Penner et al., 2006)
LMDZ (Penner et al., 2006)

CCSR (Penner et al., 2006)

-2.0 -1.5 -1.0 -0.5 0
Radiative Forcing (W m2)

Figure 2.14. Radiative forcing due to the cloud albedo effect, in the context of liquid water clouds,
from the global climate models that appear in Table 2.7. The labels next to the bars correspond to 1
published study; the notes of Table 2.7 explain the species abbreviations listed on the left hand sid
panel: results for models that consider a limited number of species, primarily anthropogenic sulpha
(S). Bottom panel: results from studies that include a variety of aerosol compositions and mixtures;
estimates here cover a larger range than those in the top panel. Chen and Penner (2005) presente
sensitivity study obtained by changing parametrizations in their model, so the results can be consic
independent and are thus listed separately. Penner et al. (2006) is an intercomparison study, so th
results of the individual models are listed separately.

the three models do not vary widely: —0.65, —0.68 and —0.74
et al., 2006V m2 respectively. Nevertheless, changesinthe autoconversion

examined the diérences in cloud albedo effect betweenscheme led to a differing response of the LWP between the
models through a series of controlled experiments that allowadodels, and this is idebd as an uncertainty.

examination of the uncertainties. This study presented results A closer inspection of the treatment of aerosol species in the
from three models, which were run with prescribed aerosahodels leads to a broad separation of the results into two groups:
masshaumber concentration (from Boucher and Lohmann, 1995models with only a few aerosol species and those that include

aerosolbeld (from Chen and Penner, 2005) an

d precipitatiom more complex mixture of aerosols of different composition.

efbciency (from Sundgvist, 1978). The cloud albedo RFs immhus, in Figure 2.14, RF results are grouped according to the
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type of aerosol species included in the simulations. In the tajme constraint from POLDER yield a global cloud albedo RF
panel of Figure 2.14, which shows estimates from models thaf —0.85 W m?2, an almost 40% reduction from their previous
mainly include anthropogenic sulphate, there is an indicatioastimate. Sekiguchi et al. (2003) presented results from the
that the results are converging, even though the range of modelsalysis of AVHRR data over the oceans, and of POLDER
comes from studies published between 2001 and 2006. Thedata over land and ocean. Assuming that the aerosol column
studies show much less scatter than in the TAR, with a meaiumber concentration increased by 30% from the pre-industrial
and standard deviation of —1.37 + 0.14 W2nin contrast, era, they estimated the effect due to the aerofuleince on
in the bottom panel of Figure 2.14, which shows the studieslouds as the difference between the forcing under present and
that include more species, a much larger variability is foundore-industrial conditions. They estimated a global effect due to
These latter models (see Table 2.7) include ‘state of the attie total aerosol iBuence on clouds (sum of cloud albedo and
parametrizations of droplet activation for a variety of aerosoldifetime effects) to be between —0.6 and —1.2 Y9, somewhat
and include both internal and external mixtures. lower than the Nakajima et al. (2001) ocean estimate. When the
Some studies have commented on inconsistencies betweassumption is made that the liquid water content is constant, the
some of the earlier estimates of the cloud albedo RF fromloud albedo RF estimated from AVHRR data is —G:@3116
forward and inverse calculations (Anderson et al.,, 2003)W m-2 and the estimate using POLDER data is —0.37 + 0.09
Notwithstanding the fact that these two streams of calculationd/ m2. The results from these two studies are very sensitive
rely on very different formulations, the results here appear to e the magnitude of the increase in the aerosol concentration

within range of the estimates from inverse calculations. from pre-industrial to current conditions, and the spatial
distributions.
2.4.5.3 Estimates of the Radiative Forcing from Quaas and Boucher (2005) used the POLDER and MODIS
Observations and Constrained Models data to evaluate the relationship between cloud properties and

aerosol concentrations on a global scale in order to incorporate

It is difbcult to obtain a best estimate of the cloud albedat in a GCM. They derived relationships corresponding to
RF from pre-industrial times to the present day based solely anarine stratiform clouds and convective clouds over land that
observations. The satellite record is not long enough, and othenow a decreasing effective radius as the aerosol optical depth
long-term records do not provide the pre-industrial aerosol anidcreases. These retrievals involve a variety of assumptions that
cloud microphysical properties needed for such an assessmentroduce uncertainties in the relationships, in particular the
Some studies have attempted to estimate the RF by incorporatifagt that the retrievals for aerosol and cloud properties are not
empirical relationships derived from satellite observations. Thisoincident and the assumption that the aerosol optical depth can
approach is valid as long as the observations are robust, the linked to the sub-cloud aerosol concentration. When these
problems still remain, particularly with the use of the aerosoémpirical parametrizations are included in a climate model,
optical depth as proxy for CCN (Feingold et al., 2003), droplethe simulated RF due to the cloud albedo effect is reduced by
size and cloud optical depth from broken clouds (Marshak €0% from their baseline simulation. Quaas et al. (2005) also
al., 2006), and relative humidity effects (Kapustin et al., 2006)tilised satellite data to establish a relationship between cloud
to discriminate between hydrated aerosols and cloud. Radiatigeoplet number concentration afmhe-mode aerosol optical
forcing estimates constrained by satellite observations need diepth, minimising the dependence on cloud liquid water
be considered with these caveats in mind. content but including an adiabatic assumption that may not

By assuming a bimodal lognormal size distribution,be realistic in many cases. This relationship is implemented
Nakajima et al. (2001) determined the Angstrom exponent frorim the ECHAM4 and Laboratoire de Météorologie Dynamique
AVHRR data over the oceans (for a period of four months)Zoom (LMDZ) climate models and the results indicate that the
together with cloud properties, optical thickness and effectiveriginal parametrizations used in both models overestimated the
radii. The nonlinear relationship between aerosol numbeamagnitude of the cloud albedo effect. Even though both models
concentration and cloud droplet concentratidly (8 (N,)P) show a consistent weakening of the RF, it should be noted that
obtained is consistent with Twomey’s hypothesis; however, thiéhe original estimates of their respective RFs are very different
parameteb is smaller than previous estimates (0.5 compare¢by almost a factor of two); the amount of the reduction was 37%
with 0.7 to 0.8; Kaufman et al., 1991), but larger than the 0.2 LMDZ and 81% in ECHAMA4. Note that the two models have
value obtained by Martin et al. (1994). Using this relationshiphighly different spatial distributions of low clouds, simulated
Nakajima et al. (2001) provided an estimate of the cloud albedmerosol concentrations and anthropogenic fractions.
RF in the range between —0.7 and —1.7 Y¥, with a global When only sulphate aerosols were considered, Dufresne et
average of —1.3 W A Lohmann and Lesins (2002) used al. (2005) obtained a weaker cloud albedo RF. Their model used
POLDER data to estimate aerosol index and cloud droplet relationship between aerosol mass concentration and cloud
radius; they then scaled the results of the simulations with thdroplet number concentration, mbdd from that originally
European Centre Hamburg (ECHAM4) model. The resultproposed by Boucher and Lohmann (1995) and adjusted to
show that changes iN, lead to larger changes M, in the = POLDER data. Their simulations give a factor of two weaker
model than in observations, particularly over land, leading to aRF compared to the previous parametrization, but it is noted
overestimate of the cloud albedo effect. The scaled values usitttat the results are highly sensitive to the distribution of clouds

over land.
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2.4.5.4  Uncertainties in Satellite Estimates nitrate, BC and organic compounds, which in turn affect
activation. Models also have weaknesses in representing
The improvements in the retrievals and satelliteconvection processes and aerosol distributions, and simulating
instrumentation have provided valuable data to begimpdraft velocities and convection-cloud interactions. Even
observation-motivated assessments of the effect of aerosaldthout considering the existing biases in the model-generated
on cloud properties, even though satellite measuremengtouds, differences in the aerosol chemical composition and the
cannot unambiguously distinguish natural from anthropogenisubsequent treatment of activation lead to uncertainties that are
aerosols. Nevertheless, an obvious advantage of the satelliigbcult to quantify and assess. The presence of organic carbon,
data is their global coverage, and such extensive coverage aawing to its distinct hygroscopic and absorption properties,
be analysed to determine the relationships between aerosol afith be particularly important for the cloud albedo effect in the
cloud properties at a number of locations around the globeropics (Minget al., 2007).
Using these data some studies (Sekiguchi et al., 2003; QuaasModelling the cloud albedo effect frobrst principles has
et al., 2004) indicate that the magnitude of the RF is resolutioproven dibcult because the representation of aerosol-cloud and
dependent, since the representation of convection and cloudsnvection-cloud interactions in climate models are still crude
in the GCMs and the simulation of updraft velocity that affect§Lohmann and Feichter, 2005). Clouds often do not cover a
activation themselves are resolution dependent. The rather lamplete grid box and are inhomogeneous in terms of droplet
spatial and temporal resolution of some of the satellite data sefsncentration, effective radii and LWP, which introduces added
can introduce biases by failing to distinguish aerosol speciasmplications in the microphysical and radiative transfer
with different properties. This, together with the absence ofalculations. Model intercomparisons (e.g., Lohmaunnal.,
coincident LWP measurements in several instances, handica@p301; Menonet al., 2003) suggest that the predicted cloud
the inferences from such studies, and hinders an accurai&tributions vary sigiacantly between models, particularly
analysis and estimate of the RF. Furthermore, the ability ttheir horizontal and vertical extents; also, the vertical resolution
separate meteorological from chemicabuences in satellite and parametrization of convective and stratiform clouds are
observations depends on the understanding of how cloudgiite different between models (Chen and Penner, 2005). Even
respond to meteorological conditions. high-resolution models have Bifulty in accurately estimating
Retrievals involve a variety of assumptions that introducehe amount of cloud liquid and ice water content in a grid box.
uncertainties in the relationships. As mentioned above, the It has proven dibcult to compare directly the results from
retrievals for aerosol and cloud properties are not coincidenihe different models, as uncertainties are not well itedti
and the assumption is made that the aerosol optical depth cand quantbed. All models could be suffering from similar
be linked to the aerosol concentration below the cloud. Thiiases, and modelling studies do not often quote the statistical
POLDER instrument may underestimate the mean cloud-togignibcance of the RF estimates that are presented. Ming et
droplet radius due to uncertainties in the sampling of cloudsl. (2005b) demonstrated that it is only in the mid-latitude
(Rosenfeld and Feingold, 2003). The retrieval of the aeros®H that their model yields a RF result at the 95%bkcmmce
index over land may be less reliable and lead to an underestim#®el when compared to the unforced model variability. There
of the cloud albedo effect over land. There is an indicatiomre also large differences in the way that the different models
of a systematic bias between MODIS-derived cloud droplefreat the appearance and evolution of aerosol particles and
radius and that derived from POLDER (Breon and Doutriauxthe subsequentloud droplet formation. Differences in the
Boucher, 2005), as well as differences in the aerosol optichlbrizontal and verticatesolution introduce uncertainties in
depth retrieved from those instruments (Myhre et al., 2004aheir ability to accurately represent the shallow warm cloud

that need to be resolved. layers over the oceans that are most susceptible to the changes
due to anthropogenic aerosol particles. A more fundamental
2.45.5 Uncertainties Due to Model Biases problem is that GCMs do not resolve the small scales (order

of hundreds of metres) at which aerosol-cloud interactions

One of the large sources of uncertainties is the poasccur. Chemical composition and size distribution spectrum
knowledge of the amount and distribution of anthropogeniare also likely insufciently understood at a microphysical
aerosols used in the model simulations, particularly for pretevel, although some modelling studies suggest that the albedo
industrial conditions. Some studies show a large sensitivitgffect is more sensitive to the size than to aerosol composition
in the RF to the ratio of pre-industrial to present-day aerosgFeingold, 2003; Ervens et al., 2005; Dusek et al., 2006).
number concentrations. Observations indicate that aerosol particles in nature tend to

All' climate models discussed above include sulphat®&e composed of several compounds and can be internally or
particles; some models produce them from gaseous precursesgernally mixed. The actual conditions arecdiflt to simulate
over oceans, where ambient concentrations are low, while soragd possibly lead to differences among climate models. The
models only condense mass onto pre-existing particles ovealculation of the cloud albedo effect is sensitive to the details
the continents. Some other climate models also include sea saft particle chemical composition (activation) and state of
and dust particles produced naturally, typically relating particléhe mixture (external or internal). The relationship between
production to wind speed. Some models include anthropogenimbient aerosol particle concentrations and resulting cloud
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droplet size distribution is important during the activation-0.7 W m2 as the median, with a 5 to 95% range of —0.3 to
process; this is a critical parametrization element in the climatel.8 W m2. The increase in the knowledge of the aerosol-cloud
models. It is treated in different ways in different models,nteractions and the reduction in the spread of the cloud albedo
ranging from simple empirical functions (Menenal., 2002a) RF since the TAR result in an elevation of the level of sdbenti
to more complex physical parametrizations that also tend tonderstanding to low (Section 2.9, Table 2.11).
be more computationally costly (Abdul-Razzak and Ghan,
2002; Nenes and Seinfeld, 2003; Miagal., 2006). Finally,
comparisons with observations have not yet risen to the sarjiatsIW\gliglfe]elelo[Ial[eN®{F-Tale[=IN1y
degree of vehcation as, for example, those for the direct RH Surface Albedo and the Surface
estimates; this is not merely due to model limitations, since t Energy Budget
observational basis also has not yet reached a sound footing.

Further uncertainties may be due to changes in the droplet
spectral shape, typically considered invariant in climate€.5.1 Introduction
models under clean and polluted conditions, but which can be
substantially different in typical atmospheric conditions (e.g., Anthropogenic changes to the physical properties of the
Feingold et al., 1997; Ackerman et al., 2000b; Erktkal., land surface can perturb the climate, both by exerting an RF
2001; Liu and Daum, 2002). Liu and Daum (2002) estimatednd by modifying other processes such asfdines of latent
that a 15% increase in the width of the size distribution caand sensible heat and the transfer of momentum from the
lead to a reduction of between 10 and 80% in the estimated RfEmosphere. In addition to contributing to changes in greenhouse
of the cloud albedo indirect effect. Peng and Lohmann (2003jas concentrations and aerosol loading, anthropogenic changes
Rotstayn and Liu (2003) and Chen and Penner (2005) studiéd the large-scale character of the vegetation covering the
the sensitivity of their estimates to this dispersion effect. Thedandscape (‘land cover’) can affect physical properties such
studies cobrm that their estimates of the cloud albedo RFas surface albedo. The albedo of agricultural land can be very
without taking the droplet spectra change into account, ardifferent from that of a natural landscape, especially if the latter
overestimated by about 15 to 35%. is forest. The albedo of forested land is generally lower than that

The effects of aerosol particles on heterogeneous iocef open land because the greater leaf area of a forest canopy and
formation are currently insBtiently understood and present multiple rd3ections within the canopy result in a higher fraction
another level of challenge for both observations and modellingf incident radiation being absorbed. Changes in surface albedo
Ice crystal concentrations cannot be easily measured with presémtiuce an RF by perturbing the shortwave radiation budget
in situ instrumentation because of thekdifilty of detecting (Ramaswamgtal., 2001). The effectis particularly accentuated
small particles (Hirst et al., 2001) and frequent shattering of icethen snow is present, because open land can become entirely
particles on impact with the probes (Korolev and Isaac, 2005%now-covered and hence highlyReetive, while trees can
Current GCMs do not have $ufiently rigorous microphysics remain exposed above the snow (Betts, 2000). Even a snow-
or sub-grid scale processes to accurately predict cirrus cloudsvered canopy exhibits a relatively low albedo as a result of
or super-cooled clouds explicitly. Ice particles in clouds arenultiple rdiections within the canopy (Harding and Pomeroy,
often represented by simple shapes (e.g., spheres), even thod@96). Surface albedo change may therefore provide the
it is well known that few ice crystals are like that in reality.dominant ifSuence of mid- and high-latitude land cover change
The radiative properties of ice particles in GCMs often dmn climate (Betts, 2001; Bounoeaal., 2002)The TAR cited
not effectively simulate the irregular shapes that are normalliwo estimates of RF due to the change in albedo resulting from
found, nor do they simulate the inclusions of crustal material canthropogenic land cover change relative to potential natural
soot in the crystals. vegetation (PNV), —0.4 W rAand —0.2 W n?, and assumed

that the RF relative to 1750 was half of that relative to PNV, so
2.4.5.6 Assessment of the Cloud Albedo Radiative Forcinggave a central estimate of the RF due to surface albedo change
of -0.2W m2+ 0.2W m2

As in the TAR, only the aerosol interaction in the context Surface albedo can also be nieati by he settling of
of liquid water clouds is assessed, with knowledge of thanthropogenic aerosols on the ground, especially in the case of
interaction with ice clouds deemed inBcient. Since the TAR, BC on snow (Hansen and Nazarenko, 2004). This mechanism
the cloud albedo effect has been estimated in a more systematiay be considered an RF mechanism because diagnostic
way, and more modelling results are now available. Models nowalculations may be performed under the strieniteon of RF
are more advanced in capturing the complexity of the aerosdlsee Sections 2.2 and 2.8). This mechanism was not discussed
cloud interactions through forward computations. Even thougm the TAR.
major uncertainties remain, clear progress has been made,Land cover change can also affect other physical properties
leading to a convergence of the estimates from the differesuch as surface emissivity, tii&ixes of moisture through
modelling efforts. Based on the results from all the modellinggvaporation and transpiration, the ratio of latent to sensible
studies shown in Figure 2.14, compared to the TAR it is noweatRuxes (the Bowen ratio) and the aerodynamic roughness,
possible to present a best estimate for the cloud albedo RFwhich exerts frictional drag on the atmosphere and also affects
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