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1. Introduction

Climate change caused by anthropogenic activites includes
many different aspects. Here we focus on aspects of
climate change that are closely linked to the gas phase
chemistry the troposphere. The lecture includes:

- short introduction

- the concept of radiative forcing

- short overview of global cycles of greenhouse gases
- the Global Warming Potentials (GWP)

- Kyoto Protocol

- Effects of the Montreal Protocol on climate

- tropopsheric ozone and climate



Variations of the Earth's surface temperature for:

(a) the past 140 years
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Figure 1: Variations of the Earth's
surface temperatura over the last
140 years and the last millenmivnm.

{a) Tha Earth's surface tamparature is
shown yaar by yvear (red bars) and
approximataly dacadsa by decade (black
line, a fitkared annual curve suppressing
fluctuations below near decadal
tima-scalas). Thara are uncartainties in
tha annual data (thin black whiskar
bars reprsant the 95% confidencsa
rangea) dua to data gaps, random
instrumeantal amrors and uncartainties,
uncartainties in bias corrections in the
acaan surface teamparature data and
al=o in adjustmants for urbanisation over
tha land. Owvar both the last 140 yaars
and 100 yaars, the bast astimata is that
tha global avaerage surface tempearatura
has increased by 0.6 £ 0.2°C,

() Additionally, the yaar by yvaar (blus
curva) and 50 yvear averags (black
curyva) varatons of the avemge surfaca
tamparature of the Mortham Hemisphars
forthe past 1000 yaars have baan
reconstructad from “proxy™ data
calibrated against themmometaer data (ses
list of the main proxy data in tha
diagram}. Tha 95% confidence rangs in
thae annual data is represantad by the
gray redgion. Thess uncartainties incraasa
in more distart times and are always
much larger than in the instrumeantal
recom] dus to the use of elatively sparsa
proxy data. Mevarthalass tha rate and
durmation of wanming of the 20th cantury
has baan much greatarthan in any of
tha pravious nine camturas. Similady, it
iz likaly™ that the 1200s have boan tha
wanmmest decads and 1992 the wamast
weaar of the millanmium.

[Basad upon (&) Chaptar 2, Figura 2.7c
and (b} Chapter 2, Figura 2.20]



Notes to Fig."

Global surface temperatures have remarkably increased
In particular since 1980.

Temperture in the northern hemisphere shows a
decreasing tendency from 1000 until around the middle
of the 19th century, when the strong increase started.

The temperature increase in the last century is not
uniform, showing the complex interactions between
natural and anthropogenic forcing factors.

According to AR4 it is very likely, that changes in climate
(such as global mean temperature) can not be solely
explained by natural variability.



Fig. 2: The greenhouse effect (AR4)
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Figure 1.2: The Earth's annual and global mean energy balance. Of the incoming solar radiation, 49% (168 Wm2) is absorbed by the surface. That heat is

retumned to the atmosphere as sensible heat, as evapotranspiration (latent heat) and as thermal infrared radiation. Most of this radiation is absorbed by the
atmosphere, which in turn emits radiation both up and down. The radiation lost to space comes from cloud tops and atmospheric regions much colder than the
surface. This causes a greenhouse effect. Source: Kiehl and Trenberth, 1997: Earth's Annual Global Mean Energy Budget, Bull. Am. Met. Soc. T8, [97-208.



Notes to Fig. 2 and 3

The Earth’s radiation budget is important for weather and
climate.

Greenhouse gas concentrations (Fig. 2) influence the
radiative balance and therefore changes in greenhouse
gas concentrations affect climate.

The Earth’s radiation balance is rather complex (Fig. 3),
iIncluding many terms.

Not only greenhouse gases but also anthropogenic
aerosols and its emission changes can cause changes in
the global radiation balance and therefore affect climate
in different ways.



Fig. 4. Transparency of the atmosphere:
Atmospheric windows and black body
radiation of the sun and the Earth
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Notes to Fig. 4

The black body radiative emissions of the sun peak around 0.5 pm
while largest emissions of a black body with the temperature of the
Earth are around 10 pm.

The atmospheric transparence of the atmospheric window (shown in
the top figure) shows strong changes with wavelength. At longer
wavelengths atmospheric water vapour and carbon dioxide strongly
restrict the transparency while at shorter wavelengths the light is
absorbed by O, and O,.

The transparency of the atmospheric window is limited by H,O (a
natural greenhouse gas) and CO, (also a natural greenhouse gas).

The natural greenhouse effect by H,O and CO, increases the mean
Earth’s temperature from -18°C to approximately +15°C.

The near IR absorption of H,O and CO, shows strong dependencies
on wavelength. Note that CH,, N,O and O, have strong absorption
bands at wavelengths where the absorptions of H,O and CO, are
weak.



Components of the Climate Change Process

Fig. 5. (AR4)
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Fig. 6. RF calculation methods (AR4)
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Notes to Fig. 5. and 6: Radiative Forcing (in Wm3):

Radiative forcing (RF) is a quantity aiming to describe the effect of the perturbations of past
anthropogenic activities on the energy balance of the Earth-Atmosphere; RF is therefore a measure
for the phyiscal driving force of anthropogenic climate change (see Fig. 5). RF can be defined as:
,Change in net (down minus up) irradiance (solar plus longwave, in Wm-) at the tropopause
allowing to readjust to radiative equilibrium, but with surface and tropospheric temperature held
fixed at the unperturbed values®. RF has a positive sign if increased concentrations lead to a
warming of the Earth‘s surface temperature (as for greenhouse gases). Increase in many aerosol
compounds leads to a cooling of the Earth’s surface temperature, which is described by a negative
sign of radiative forcing.

The described defintion is suitable to asses the effects LLGHGs (long-lived greenhouse gases) on
climate. In these cases, RF can be related through a linear realtioship to the global mean
temperature:

AT, = ARF

where: T surface temperature, and A: climate sensitivity parameter

However, for anthropogenic changes other than LLGHGs different calculation methods might be
more appropriate for determination of RF, which are summarized in Fig. 6.

Radiative forcings of greenhouse gases depend on:

- change in concentration

- molecular properties: strength of absorption band in IR

- wavelength of absorption

- life time of the compound.



Radiative forcing of climate between 1750 and 2005
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CO: (ppm), N:O (ppb)

Concentrations of Greenhouse Gases from 0 to 2005
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Notes to Fig. 7 and 8

The estimated radiative forcings of anthropogenic emissions since pre-industrial time
(defined by the reference year 1750) show strong warming contributions by
greenhouse gas increases.

The long-lived greenhouse gases contributed most to the positive radiative forcing.
The largest contribution stems from carbon dioxide (CO,), followed by methane (CH,),

the class of halocarbons and nitrous oxide (N,O).

CO, and the other most important greenhouse gases have long life times in the

troposphere. This implies very similar concentrations in background air in the
troposphere.

Most of the important long-lived greenhouse gases show large and continuous
concentration increases since preindustrial time (the time evolution of halocarbons is
discussed 2.4).

Tropsopheric ozone change led to a large positive radiative forcing.
Land use changes caused negative radiative forcing.

The contributions from anthropogenic emissions of aerosols are mostly negative and
the respective uncertainties are much larger than those of greenhouse gases.

The total of anthropogenic activities caused a significant increase in global radiative
forcing. The large uncertainty in its magnitude is mainly caused by the uncertainties
related to atmospheric aerosols (not discussed in this lecture).



2. Well mixed greenhouse gases
2.1. Carbon dioxide (CO,) (Fig. 9, from TAR)

Life time: not well definded
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Notes to 9

* The historical concentrations of non reactive (long-lived)
greenhouse gases in tropospheric air can be derived
from the analysis of air bubbles in ice cores allowing to
determine their concentrations back to the ice ages.

« CO, concentrations show large variabilties connected

with the changes between warm and cold periods (e.g.
much colder during ice ages).

« Continuous measurements of CO, available from Mauna

Loa Observatory at Hawaii since 1958 show a
continuous increase, in parallel with the increasing
emissions of CO, from anthropogenic emissions.



Fig. 10: The global carbon cycle for the 1990s (AR4), including
reservoirs and fluxes. Main annual fluxes in GtCyr-":
black: pre-industrial (natural) and red: anthropogenic.
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Notes to Fig. 10: Carbon cycle

The global cycles are important in order to understand
changes in greenhouse gas concentrations. (They are
described in Chapt. 7 in AR4).

The carbon cycle is particularly complex. The main
compartments are ocean, land and atmosphere.

The ultimate sink of CO, is the deposition as CaCO, in
the deep ocean, which is a very slow process.

The lifetime of CO, is not well defined because of the
cycling within the different reservoirs, e.g. in trees.

The largest part of greenhouse warming is caused by
CO, (see Fig. 7).



Fig.11: Global carbon budget in GtCyr'(AR4); errors
describe standard deviation. Atmospheric increase results
from fluxes to and from the atmosphere.
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Notes to Fig. 11: The carbon balance

The global cycles of the greenhouse gases are derived from the
(known) sources and sinks and their imbalances together with their
distributions into different reservoirs (should) explain the observed
trends in atmospheric concentrations.

The (anthropogenic) emissions of CO, lead partially to an increase

in atmospheric concentrations, partially to a flux from the
atmosphere to the ocean.

The largest anthropogenic emission is the combustion of fossil fuels;
also significant is (anthropogenic) biomass burning, mainly in the
tropics, which makes the main contribution to the term ,land use
change®. This term also includes some accumulation of carbon by
regrowing vegetation (comp. TAR).

The numbers given in the last IPCC reports are very similar (when
related to the same period).
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Fig.12: Future development of atmospheric CO,
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Notes to Fig. 12

Fig. 12 shows time series of predicted atmospheric background concentrations of CO,
as response to anthropogenic emissions (based on the results of the EMIC-(Earth
System Model of Intermediate Complexity)-model of Bern; such models also describe
the response of the ocean)

For anthropogenic emission a growth rate of 2%/year is assumed followed by a

complete stop of anthropogenic emissions. Depending on the time of the stop of
anthropogenic emissions a certain level of CO, concentrations will be reached

After maximal concentrations and an initial decrease of CO, (time constant in the

order of 100 years) the decrease becomes extremely slow and within a millennium the
decrease is almost nonexistent and concentrations stay much higher than
predindustrial

This extremely small decrease is attributable to the response of the ocean. The first
phase is characterized by the relatively short exchange between the land biosphere
and the surface layer of the ocean, whereas the removal of CO, requires the transport

through the deep ocean to the ultimate sink (deposition as carbonate in the deep
ocean) which is extremely slow

This means that a large fraction of all anthropogenically emitted CO, stays in the

atmosphere for scales of millennia (no regeneration); this implies that a “budget” exists
and the sum of anthropogenic determines the effect of CO, (on millennium scale)
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Notes to Fig. 13: Methane
concentration

CH, concentrations strongly increased (by more
than a factor of two) since the 19th century.
Large fluctuations in atmospheric CH,

concentrations occured during the changes of
iIce ages and warm periods.

CH, increasing rates decreased since the early

1990s and were not stable in the last decade.
This behaviour is still not completely understood.

CH, is the second largest anthropogenic
greenhouse gas.



Fig. 14: Sources, sinks and atmospheric
budget methane (Tg(CH,)yr'), AR4
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Notes to Fig. 14: Budget of CH,

« The emissions of CH, include many sources,

and present emissions are belived to be
dominated by anthropogenic emissions.

« The most important sink of CH, is tropospheric

oxidation by OH, whereas transport into the
stratosphere (followed by oxidation in the
stratosphere) and absorption in soils are minor
sinks.

* The oxidation by OH leads to a life time which is
much shorter than for CO.,.
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2.3. Nitrous oxide (N, O, life time: 114 y)
Fig.15 (from TAR and AR4)
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Table 4.4: Estimates of the global nitrous oxide budget ( in TgN/vr) from different sources compared with the values adopted for this report (TAR).

R eference: Maosier ef al. { |998b) Olivier ef al. {1998) SAR TAR
Kroeze et al. (1999)
Base yvear: 1994 range 1950 range |980s 1990s
Sources
Ocean 3.0 | -5 36 2857 3
Atmosphere { NHy oxidation ) 0.6 03-1.2 0.6 03-12
Tropical soils
Wet forest 3.0 2.2-37 3
Dy savannas 1.0 5-20 |
Temperate soils Fig_ 16
Forests 1.0 0.1-2.0 | TAR
Grasslands 1.0 0.5- 2.0 | ( )
All soils 6.6 33-99
Natural sub-total 0.6 46-159 108 64-168 9
Agricultural soils 4.2 0.6—14.3 1.9 0.7-43 3.5
Biomass burning 0.5 0.2- 1.0 0.5 0.2 -0.8 0.5
Industrial sources 1.3 07— 1.5 0.7 0.2-1.1 1.3
Cattle and feedlots 2.1 06-231 1.0 0.2-2.0 0.4
Anthropogenic Sub-total 8.1 2.1-20.7 4.1 1.3-7.7 5.7 6.9
Total sources 17.7 6.7 — 3.6 149 7.7-24.5 14.7 ;
Imbalance (trend) 30 31-47 39 38
Total sinks istratospheric) 12.3 94— 16 12.3 1.6
Implied total source 16.2 16.2 6.4




Notes to Fig.15 and 16: N, O.

(Also) N,O concentrations show a steady
Increase since the start of the 19th century.
The sources of N,O are not well known, about
half are believed to be anthropogenic.

N,O has no sink in the trosposphere and is

therefore degraded in the stratosphere, leading
to a long life time.

The contribution of N,O to the change in global
radiative forcing is comparatively small (comp.7).



2.4. Halocarbons

CFCs regulated by the Montreal Protocol
Fig. 17 (TAR)
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Notes to Fig. 17:
Chlorofluorocarbons (CFCs)

CFCs belong to a family of organic compounds that
contain Cl and F.

They are efficient greenhouse gases, many CFCs have
long atmospheric life times.

CFCs were banned by the Montreal Protocol 1987 (and
its enforcements) because they destroy stratospheric
ozone.

The concentrations of CFCs in tropospheric air have
stabilized and (most) are decreasing.

The budgets of CFCs are rather well known, because
they are (almost exclusively) of anthropogenic origin and
their sinks are rather well characterized.



Fig. 18: Hydrochlorofluorocarbons (HCFCs) and
Hydrofluorocarbons (HFCs) (TAR)
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Fig. 19: Halocarbon concentration changes (AR4).
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Notes to Fig. 18 and 19 (HCFCs, HFCs)

* HCFCs (organic gaseous compounds containing H, Cl and
F) are used as substitutes of CFCs. Thier concentrations
strongly increased over the past years.

* (Some) HCFCs are strong greenhouse gases and some
HFCFs have long atmospheric life times. The increase in
their concentration depends on their atmospheric life times
and emissions.

see: HCFC-22 (CHF,CI, life time: 11.0 y);

HCFC-142.b (CH,CF,Cl, life time:19 y); HCFC-141b
(CH,CFCI2; life time: 9.3 y)

* HFCs is another class of organic compounds wich contain F
and H. They don‘t destroy stratospheric ozone but some of
them are strong greenhouse gases
see: HFC-23 (CHF,, life time: 260 y); HFC-152a
(CH,CHF,: life time: 1.4 y); HFC-134a (CF,CH,F: 13.8 y)



Fig. 20: Fully fluorinated compounds with very long
life times: CF, 50000 y; SF;: 3200 y (TAR)
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Figure 4.4: Abundance of CF, (ppt) over the last 200 years as
measured in tropospheric air (open diamonds), stratospheric air (small
filled diamonds), and ice cores {open squares) (Harnisch et al., 199%:;
1599),
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Figure 4.5: Abundance of SF; {ppt) measured at Cape Grim, Tasmania
since 1978 (Maiss er al., 1996; Maiss and Brenninkmeijer, 1998),
Cape Grim values are about 3% lower than global averages.



Notes to Fig. 20: PFCs and SF,

* Totally fluorinated organic gases (i.e. solely
composed of C and F, Perfluorocarbons, PFCs)
and SF. have extremely long life times. They are

not degraded by OH radicals and their UV-
absorptions are very weak.

* They have strong absorptions in the IR and are
very strong greenhouse gases.

* Their anthropogenic emissions are particularly
harmful because their atmospheric
concentrations decrease extremly slowly.



Fig. 21: Radiative forcing since 1750 (AR4): summary
(comp. 7) based on information on primary emissions
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3. Global Warming Potentials (GWP),
see Fig. 22 and 23

In order to allow setting priorities to reduce greenhouse gas emissions the following scale
for policy makers was introduced:

The Global Warming Potential (GWP) of a compound i is defined as:
Time-integrated global mean Radiative Forcing of a pulse emission of 1kg of
compound i relative to the emission of 1 kg of the reference gas CO.,,.

Therefore the time horizons of GWPs needs to be specified (GWPs of 20, 100 and 500
years are tabulated in IPCC).

(Radiative forcing describes the integrated effect of past anthopogenic emissions (since
1750), while GWPs describe the future effect of present emissions.)

For example (see Fig. 22 and 23):

One kg emission of CH, leads to 62x larger radiative forcing than the release of one kg
CO, for the first 20 years after release, but because of the shorter atmospheric life
time the effect of radiative forcing of 1 kg CH, is only 7 times larger than of CO, when
intergrated over 500 years.

Totally fluorinated species are very efficient greenhouse gases because of their
molecular properties. Their integrated greenhouse gas effect is strongly increasing

from 20 to 500 years because of their extremly long atmospheric life times (being
much longer than for the reference CO,).



Fig. 22 (AR4)
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Fig. 23 (IPCC, 2007)
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4. Kyoto Protocol
Fig. 24

Reductions of greenhouse gases according to Kyoto Protocol 1997 (United Nations
1): for all 15 EU member states. Reductions to be achieved between 2008-2012 relative
to 1990 include CO,, CH,, N,O, HCFs (hydrogen containing fluorinated organic gases),

PFCs (polyfluorintaed organic gases), and SF, as equivalents of CO,

Country Target (%) Country Target (%) Country Target (%)
Australia +8 lceland +10 Poland -6
Bulgaria -8 Japan -6 Romania -8
Canada -6 Latvia -8 Russian Federation 0
Croatia -5 Liechtenstein -8 Slovakia -8
Czech Republic -8 Lithunia -8 Slovenia -8
Estonia -8 Monaco -8 Switzerland -8
Europ. Comm.» -8 New Zealand 0 Ukraine 0

Hungary -6 Norway +1 United States -7




Notes to Fig. 24

The UN framework Convention on Climate Change (UNFCCC) was
signed in 1992. Its objective is ,stabilization of greenhouse gases in
the atmosphere at a level that would prevent dangerous
anthropogenic interfernce with the climate system®”

Based on UNFCCC the Kyoto protocol (1997) sets goals for
industrialized countries in order to decrease the emissions of 4
greenhouse gases and two classes of greenhouse gases. The
relative contributions are fixed using GWPs for a time horizon of 100
years.

Important industrialized nations did not sign the Kyoto Protocol.

It seems rather unlikely that the goals of the Kyoto protocol will be
reached by 2012.

Emissions of air and ship traffic over the oceans (outside national
territories) are not included in the Kyoto protocol.

The countries that have signed the Kyoto protocol have decided to
continue their efforts after 2012, when the Kyoto protocol expires.



5. Ozone and climate

5.1. Ozone profile forcing Fig.
25
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Figure 6.1; Dependence of the surface temperature response on the height and type of Oy perturbation; (a) shows the sensitivity to a constant
absolute change (10 DU), while (b) shows the sensitivity to a constant percentage change (10%). The model tropopause is at 12 km, From Forster
and Shine (1997).



Notes to Fig. 25 (from Forster and
Shine, 1997)

Atmospheric ozone is an important greenhouse gas. Changes in ozone
concentrations have significantly contributed to the change in radiative forcing since
pre-industrial time (see Fig. 7).

The effectiveness of ozone as greenhouse strongly depends on altitude, maximizing
around the tropopause where temperature is lowest.

Radiative changes caused by stratospheric ozone depletion are negative. However,
the effect of stratospheric ozone in 2007 is small (see 7); as consequence of
stratospheric ozone recovery a (rather small) positive contribution to radiative forcing
is expected for the next decades.

A significant contribution in radiative forcing since pre industrial time is caused by the
increase in tropospheric ozone due to increasing anthropogenic emissions of ozone
precursors.

The determination of the radiative forcing of tropospheric ozone is more difficult than
for other (long-lived) greenhouse gases because no measurements exist to document
the ozone concentrations in pre industrial time. (Measurements of the 19th century
bas?d _on) the Schonbein paper method are unreliable and should be ignored for trend
analysis.

The increase in radiative forcing by tropospheric ozone can be only determined by
global numerical simulations. However, these models are complex because of the
complex chemistry (see Chapter «Tropospheric Chemistry of Gas Phase») and the
many ozone precursors of tropospheric ozone and transport. The budget of
tropospheric ozone is complex (see next section) and tropospheric ozone has a
relatively short and variable life time in the troposphere leading to significant spatial
concentration gradients. This makes the assessment of tropospheric ozone model
results by measurements a difficult task.



5.2. Tropospheric ozone
Global NO, emissions (Fig. 26, TAR)

Table 4.8: Estimates of the global tropospheric NO budger in TeNAr) from different sources compared with the values adopted for this
feport,

Reference: TAR Ehhalt Holland et al, Penngr ¢t al. Legeral
(1999) (1999) (1999) (1997)
liase year 2000 | 983 | 983 1952
Fossil fugl 330 210 N-4 210 120
Aircraf 07 045 0.23-06 03 (.85
Biomass burning 1. 15 -1 i-11 19
Soils ih 5.3 4-11 -6 10
NH; oxidation - i 05-] - 09
Lightning il 10 3-13 i-3 50
Slratosphere <13 015 0.1-06 - 06

Total ALY H.o i




Notes to Fig. 26: Global NO,
emissions of the year 2000

NO, emissions are important for global tropospheric
ozone production.

The global NO, budget includes many terms, some are
still not well quantified.

The dominant terms of present NO  emissions are
anthropogenic fossil fuel combustion and biomass
burning.

Non anthropogenic emission (lightning NO, production,

soil emissions and transport from the stratosphere)
contribute only by 20% to the present emissions. These
emissions determined ozone production in the pre
iIndustrial troposphere.

Part of the differences in the emission budgets
presented in Fig. 26 are attributable to the different
reference years.



Tropospheric ozone budget and changes in
tropospheric ozone concentrations until 2030,
based on Stevenson et al., 2006

* |In Stevenson et al., 2006 simulations of tropospheric
ozone of 26 models of present day (2000) and 2030 are
used. The model ensemble includes chemical transport
models (CTMs), fully coupled chemistry climate models
(CCMs) and general circulation models (GCMs).

* Fig. 27 shows the used emissions for the ozone
precursors, S1 are the emissions used for 2000. The
other simulations are related to the year 2030, including
the scenario of emissions predicted for current legislation
(S2), maximum feasible reduction (S3) implying that best
technologies will be used all over the world, IPCC SRES
A2 emission scenario, predicting high emissions (S4).
The simulations S5 attempt to describe the influence of
climate change using the emissions of scenario S2.
(Note that the predicted NO, emissions for 2030 differ by

as much as a factor of 4.)



Fig. 27: Emissions: S1: 2000; S2-S4: 2030;

S2: Current legislation; S3: maximum

feasible reduction: S4: IPCC SRES A2

s1 s2 S3 S4 S5 TAR
NO; (L2 ™) 27 8 328 131 54 6 328 33
CO (L2) 470 397 327 761 307 650
NAVOC (Lg) 116 114 73 176 114 161
SO, (Ig S) =4 57 17 100 57 76
NH; (Ig ) 49 e 65 69 65 36
CH, conc (ppbv) 1760 2088 | 1760 | 2163 2012 1745




Present day: overview over all simulations (Fig. 28)
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Notes to Fig. 28: Ozone simulations
for the year 2000.

* Ozone concentrations of the ensemble of the
model runs are largest downwind of large
agglomerations in Northern midlatitudes.

* |In Southern midlatitudes biomass burning
plumes cause enhanced ozone concentrations.

 Ozone concentrations in Southern midlatitudes
are much lower than in Northern midlatitudes.

* The differences between the individual
numerical simulations are large in the tropics, in
South polar regions and near to the tropopause.



Tropospheric ozone budget: Terms
and Determination (Fig. 29)

P: Chemical production: NO + HO, — NO, + OH
NO + RO, - NO, + RO

L: Chemical loss (major terms)
O('D) + H,O — 20H
O,+HO,—->0H+20,
O,+OH —HO,+0,

D: Surface deposition flux

S, . Stratospheric input. S, .=L+D-P

inf



Summary of 2000 budget (Fig. 30)

| L D Sinf Boa Toa TCH
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Notes to Fig. 30

The budget terms of the individual models show large differences,
including roughly a factor 2 for Chemical ozone production (P) and
Chemical losses (L). The differences for dry deposition and
transport from the stratosphere are even larger.

Chemical net ozone production results from P-L, thus from the
difference of 2 large numbers implying large uncertainty.

Dry depostion and transport from the stratosphere are not well
known. On a relative basis the transport from the stratosphere
shows the largest differences between the individual models.

The differences of the terms of the individual models are correlated
which is probably caused by the fact that the modelers attempt to
provide realistic tropospheric ozone concentrations, which implies
some tuning of the model paramaterizations. Note that many of the
Involved processes need to be parametrized, because an explicit
calculation is not feasible.



Changes in ozone budgets (Fig. 31, comp. Fig. 27):

S1:2000; S2-S4: 2030; S2: Current legislation; S3: maximum feasible
reduction; S4: IPCC SRES A2; S5: S2 and climate change (H,O, more S, )

AP AL AD ASins ABos AToa ATcH
Te(Ougm” | Te(Oanr' | Tai0om™ | Tl Ta(:) days vaars
52-51 339+50 31853 50=15 -12+20 20=4 -020=0.09 1 0.23=0.20
772 | goee | ssea | 230 | 580 | 090 (2.6%%)
53-51 444270 -33551 023225 1733 -le=4 0.75=0.15 006030
88%) | 73%) | (019 | 332 | camee | 330 (0.7%)
54-51 1203148 | 961123 20452 3775 53%11 -1.1=02 0.010.33
(24%) 2100) | ooy | 7100 | s | 490 (0.1%%)
5552 4159 Q870 -13=11 4332 1345 1 038=041 | -0.40==0.18
©08%) | oo | 129 | 212 | co4cey | c17e) | 460




Notes to Fig. 31

* (Mean) tropospheric ozone change predictions (burden)
for the time horizon 2000 to 2030 show strong
differences, depending on the scenarios as expected
from the large range in emission predictions (see Fig.
27).

* Current legislation predictions (S2) lead to an increase of
mean tropospheric ozone concentration of 5.8%, while,
when maximal feasible technology is assumed (S3), a
decrease of 4.7% is predicted and an increase by 15% is
expected if emission changes are following IPCC SRES
A2 (S4). Climate change leads e.g. to higher humidity
enhancing OH production (S5).



Methane lifetimes: Positive Feedback: more
O, more OH (Fig. 32)

Table S

Radiamve forcings befwean 2000 and fthe threse 20320 scenarios, and the

imipact gf climaite change on the CLE scenarioe itn 2020 (55-52 ). AMethane forcings are

calculated ffrom the prescribad global concentraiions given in Table 3, using rthe

Jormula of Ramaswamy et al. J[2001 ) Table 6 2] — they do not thergfore reflect the

modal responsas. Carbon dioxide forcings firom TPCOC 2001 Table IT 3§ are given _for

comparizon, for the appropriafe SRES scenaric. Given the standard deviations of the

czone _forcings, combined forcings are only guoted o the appropriare mumber of

significant figures.

Cry CH, CH,+Os o,
m VW am mWW W oam W oam
5251 63 =16 116 180 TEO-810 (B2)
53-51 43 =15 O — TEO-810 [(B2)
S4-51 155 = 38 141 300 1010-1080 (A
55-52 -4 4 +=13 -26 -30 —




Notes to Fig. 32

 The life time of the greenhouse gas CH, depends on
tropospheric ozone concentration since photolysis of O,

in the wavelength range of approximately 300 to 320 nm
leads to OH production (see Fig. 8 in Tropospheric
Chemistry of Gas Phase) which limits the life time of CH,

(see Section 2.2).

* Tropospheric ozone changes lead to OH concentration
changes and therefore radiative forcing changes of CH,

depends also on O, changes.
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