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Figure 1: Major components needed to understand the climate system and climate change.
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Radiative Forcing of Climate [1750 to 2005]
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Carbon dioxide increases are due to anthropogenic emissions

Oxygen and carbon isotope

North-South CO,, gradient is :
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Temporal evolution of the major
Halocarbons [Figure 2.6]
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MODIS AOD: April 2003
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FORCING - RESPONSE RELATION

{at equilibrium}

AT, = L * (AF)

T = global-mean, annual-mean
surface temperature

AF = global-mean, annual-mean
radiative forcing evaluated at
tropopause after equilibration
of stratosphere

A = global-mean climate
sensitivity factor (parameter)



Radiative Forcing of Tropospheric Ozone Increases
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Long-Lived Greenhouse Gases (LLGHGS):

Use the observed record, together with radiative transfer
calculations, to determine the Radiative Forcing.

For other species e.g., aerosols, tropospheric ozone,
observations are less extensive, there is more spatial
Inhomogeneity.

Other methods e.g., three-dimensional chemistry-
transport models, together with relevant observations,
used to determine the Radiative Forcing.

Since the TAR, Improved understanding and better
guantification of the forcing mechanisms

Computing Radiative Forcing
[1750-2005]



Total aerosol optical depth (natural+anthropogenic components) at
mid-visible wavelength, from satellite instruments, and complemented
by two different kinds of ground-based measurements [Figure TS-4 (top)]
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» Observations reveal the presence and provide quantitative aspects.
» Aerosol transport-forcing models better tested and constrained.
= More improved estimate of the Aerosol Direct Radiative Forcing.




Aerosol Direct and Indirect Forcings

* Global observations available only over the past
approximately 25 years.

 Models used that describe the transport and distribution
of aerosols based on natural and anthropogenic
emissions.

Aerosol species:

Sulphate, nitrate, fossil fuel organic carbon, fossil
fuel black carbon, biomass burning, mineral dust,
sea salt

(‘red’ = significant anthropogenic component)
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Aerosol Optical Depth: Simulation vs. AERONET, MODIS
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Estimates of the Aerosol Direct Radiative Forcing (sulphate, fossil fuel black and
organic carbon, biomass burning, dust and nitrate) from different models [Fig. 2.13]
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Estimates of the Cloud Albedo radiative forcing due to aerosols from
different models [Figure 2.14]
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More model studies since the TAR, many include more species

Those with more aerosol species or constrained by satellite observations have a
weaker radiative forcing
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Potential Natural Vegetation
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W m™?

Reconstruction of the Total Solar Irradiance [Figure 2.17]

Total Solar Irradiance

1367

lIIlIlIil[IIIIII

1366

1363

1364

IIIIIIIII|IIIII‘ LILIL

IIIIIIIIIIIIIIIIlIIIIIIIIIIIIlIIIIi}III

I T I |

mmm flux transport simulations
Y Wang el al 2005

I range of cycle+background
Leo%, ZOOJ =

Best estimate: 0.12 W/m?2

Range: 0.06 to 0.30 W/m?

IIIIII[IIIIIIIIIIlllllllllllll

1600

1700 1800 1900 2000
Year




Visible optical depth from stratospheric sulphate aerosols in the
aftermath of explosive volcanic eruptions [Fig. 2.18]

Volcanic Aerosol Total Visible Optical Depth
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Galactic cosmic rays: Not-evaluated - no proven
physical mechanism, and studies comparing with
changes in global cloud cover are inconsistent.

Aviation: Linear contrails radiative forcing only
evaluated. Aviation induced cirrus too uncertain to
guantify. Other aviation effects implicitly included in other
radiative forcing terms.

Water vapour is a powerful greenhouse gas, but
changes are associated with the climate
response/feedback and not included on the forcing “bar-
plot” [Fig. SPM-2]. Climate models include this feedback
In their evaluation of temperature changes

Other points raised for clarity
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Key Issues



Causes of recent changes in methane growth rates

Roles of different factors in tropospheric ozone increase

Aerosol distributions
Aerosol-cloud interactions
Water vapor increases in the stratosphere

Land-surface properties and land-atmosphere
Interactions.

Solar irradiance changes on decadal-to-centuries scales.

Emissions, concentrations and forcings in future =»
GHGs and aerosols

Uncertainties/ gaps
Drivers



Observed Variability of Dust for the last 50 Years

Dust concentration at Barbados (Prospero and Lamb, 2003)

Mineral Dust (jig m?)
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Factor 4 increase

Since 1970ies dust concentration
in Caribbean (Prospero and
Lamb, 2003) and dust deposition
in French Alps (De Angelis and
Gaudichet, 1991) have increased
by a factor 4-5
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Fig. 5. Aircraft data illustrating the increase in cloud drops with aerosol number concentration.
References for the data are as follows: North Sea (28), Nova Scotia and North Atlantic (29), ACE-2
(30), Astex (37), the thick red line is obtained from a composite theoretical parameterization that
fits the INDOEX aircraft data for the Arabian Sea (23). The gray-shaded region is the INDOEX |
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Ramanathan et al. (2001)
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A “WIN-LOSE” CASE:
Global decreases in sulfate aerosol
contribute to warmer U.S. summers

Change in Summer Temperature from 2000 to 2090 (°C)
resulting from projected changes in air pollutants

Warming over U.S.
IS due In part to
decreases in sulfate
driven by pollution
control efforts
(better air quality;
not so for climate)

Latitude

120w BOW

-1 05 -02 0 05 1 18 7 3
In GFDL Climate Model [Levy et al., JGR 2007, in press]
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[OH] (10° radicals cm™3)
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Comparison of Clear-Sky SW @ TOA
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Cloud albedo and lifetime effect (negative radiative effect for warm clouds at
TOA; less precipitation and less solar radiation at the surface)

more reflection — higher albedo

*~, smaller cloud particles
|+ less precipitation

RN mlluledii‘ W
hlnghar optlcal dep‘th

— less radiation at surface

Semi-direct effect (positive radiative effect at TOA for soot inside clouds,
negative for soot above clouds)

evaporalion of cloud droplets
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— heating

less radiation
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Glaciation effect (positive radiative effect at TOA and more precipitation),
thermodynamic effect (sign of radiative effect and change in precipitation not
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Aerosol cloud interactions [Figure 7.20]
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Aerosol species: S,SS,0C

Aerosol species: S, SS,0C, BC,D,N

Radiative Forcing from Cloud Albedo Effect
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Combining anthropogenic forcing estimates
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Long-lived greenhouse gases
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Integrated Radiative Forcing for Year 2000 Global Emissions
{Weighted by 100-yr and 20-yr time horizons)
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Temperature Anomaly (K)
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Precip Anomaly (mm/day)
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