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Preface

In recent decades there have been numerous studies examining the possible im-
pacts of future anthropogenically-induced climate change on the natural world
and on human society. Since it it not yet possible to predict future climate, due
both to incomplete knowledge about the processes of climate change and to un-
certainties in the future composition of the atmosphere, most impact studies have
considered a range of plausible future climates known as climate scenarios. These
are usually constructed based on the results of simulations from general circula-
tion models (GCMs). However, owing to the diversity of information available
to impact assessors and to the lack of uniform criteria for selecting climate model
outputs, there has been little consistency in the scenarios adopted in different
impact studies. Furthermore, it is evident that the scenarios selected in most stud-
ies fail to sample systematically across the wide range of uncertainties that are
known to exist in estimates of future climate. These include uncertainties con-
cerning emissions of greenhouse gases and aerosols into the atmosphere, their
concentrations in the atmosphere and consequent radiative forcing of climate,
the global and regional climate response to radiative forcing, and the sea-level
implications of these climate changes.

This report has been prepared to consider the implications of a new set of
emissions scenarios developed for the Intergovernmental Panel on Climate
Change (IPCC) Special Report on Emissions Scenarios (SRES). These scenarios!
span a range of emissions arising from different assumptions of socio-economic
development during the 21st century. The effects of these emissions scenarios on
climate are currently being estimated using a number of fully coupled atmos-
phere-ocean general circulation models (AOGCMs). However, this work is still
in progress, and results will take some time to be analysed and evaluated. In the
meantime, interim characterizations of the climatic implications of the SRES sce-
narios can be obtained by using a combination of simple climate models and
existing results from AOGCM simulations. It is results of this kind that are pre-
sented here.

Changes in mean seasonal temperature and precipitation are portrayed in a
consistent manner for all major inhabited regions of the world, and the report
seeks to identify regions where there is apparent agreement between models in
the direction of future climate change, as well as regions where future changes
are more uncertain. Moreover, each of the SRES scenarios is characterized by a
level of demographic and economic development which are themselves impor-
tant for determining future vunerability to a changing climate.

A major objective of the report is to provide quantitative guidance on the
range of uncertainty in future regional climate changes. It is hoped that this may
assist researchers wishing to select climate scenarios for new impact assessments.
In addition, it provides background information that may be of use in evaluating
the scenarios applied in published impact studies, especially with regard to the
IPCC Third Assessment Report. In this latter role, a draft version of this docu-
ment has already received extensive comment from several IPCC authors, whom

! The SRES scenarios quantified in this report are the four preliminary “marker” scenarios
released for use by climate modellers in 1998. A final set of scenarios was approved by the
IPCC in April 2000 (Nakiéenovi¢ et al., 2000). Revised versions of the four marker scenarios
used here are included among the six “illustrative” scenarios presented in detail in that re-
port.
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we acknowledge with thanks. However, any inaccuracies in the current report
are the responsibility of the authors alone.

We would like to acknowledge Ruth Doherty, Tim Osborn and Phil Jones at
the Climatic Research Unit and Riku Suutari at the Finnish Environment Insti-
tute for their assistance in preparing this report. Finally, we would like to express
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I.1 Purpose of this document

This report presents a set of mutually consistent characterizations of future states
of the world during the 21st century. These characterizations are designed to
paint alternative pictures of the future, both climatic and non-climatic, that are
important for evaluating vulnerability to future climate change. The characteri-
zations include:

e demographic and economic development

e atmospheric composition

e changes in average climate (seasonal temperature and precipitation)

e sea-level rise induced by climate change

They attempt to portray information about the magnitude and range of possible
future changes on the basis of available knowledge. They offer a common refer-
ence for assessing the possible impacts of, and adaptability to, future climate
change and are summarized in Table 1.

I.2 Sources of information for the characterizations

The quantitative characterizations presented here are based on three main sourc-

es of information:

1. A new set of emissions scenarios to the year 2100 developed for the IPCC
Special Report on Emissions Scenarios (SRES - Nakicenovic et al., 2000)

2. A framework of simple models used in the IPCC Second Assessment Re-
port to convert projected emissions into global mean values of atmospher-
ic greenhouse gas concentration, radiative forcing of the climate, tempera-
ture change and sea-level rise

3. Information on the patterns of regional temperature and precipitation
change simulated by coupled atmosphere-ocean general circulation mod-
els (AOGCMs) and available from the IPCC Data Distribution Centre?.
Mapped information about the possible regional effects of SRES-based
sulphate aerosol concentrations on temperature patterns climate is also
provided.

A number of other important issues are treated qualitatively. These include:

4.  Caveats relating to the depiction of future climate, including the averag-
ing and scaling of AOGCM outputs, the superficial treatment of sulphate
aerosol effects and the representation of uncertainties in descriptions of
future climate.

5. Scenarios that posit a stabilization of CO, and greenhouse gas concentra-
tions in the atmosphere.

2 The IPCC Data Distribution Centre can be accessed at website:
http:/ /ipcc-ddc.cru.uea.ac.uk/
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Table |. Attributes and regions for which characterizations are provided.

Attribute Global 4 economic 14 continental- 32 sub-continental
regions scale regions regions

Socio-economic/land cover

Population * *
Gross National Product (GNP) * *
GNP/capita * #*
Energy Intensity #* *
Forest area * *

Atmospheric composition

Carbon dioxide (CO,) emissions

Sulphur emissions

(0, concentration

Climatic/sea-level

Mean annual temperature change *
Seasonal temperature change

Seasonal precipitation change
Aerosol-induced change

Sea-level change

In the following sections we describe:

e The SRES scenarios: socio-economic characterizations (section 2)

*  Global scale characterizations of atmospheric concentrations, temperature
and sea-level forced by the SRES emissions scenarios (section 3)

°  SRES-based interim regional climate change characterizations (sections 4-6)

°  Important caveats relating to the characterizations (section 7)

e  Stabilization scenarios (section 8)
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The Preliminary SRES Marker
Scenarios: Socio-Economic¢
Priving Factors
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The Special Report on Emissions Scenarios (SRES) was formally approved by the

IPCC in April 2000 (Nakicenovic et al., 2000). However, a preliminary set of four

“marker” emissions scenarios and their associated socio-economic driving forc-

es were already in circulation in 1998, to provide inputs for GCM simulations. It

is these scenarios (labelled SRES98), which in most respects differ little from the
final versions, that have been used in this report. The SRES scenarios were con-
structed quite differently from the previous emissions scenarios developed by
the IPCC (the IS92 scenarios - Leggett ef al., 1992). They are reference scenarios
that seek specifically to exclude the effects of climate change and climate policies
on society and the economy (“non-intervention”). They are based on a set of
narrative storylines which are subsequently quantified using different model-

ling approaches. Each marker scenario represents a family of scenarios with a

similar storyline. Jointly, the four markers capture most of the emissions and

driving forces spanned by the full set of scenarios. In simple terms, the four marker
scenarios combine two sets of divergent tendencies: one set varying between
strong economic values and strong environmental values, the other set between

increasing globalization and increasing regionalization (Nakicenovic et al., 2000).

The storylines are summarized as follows:

e Al: A future world of very rapid economic growth, low population
growth and rapid introduction of new and more efficient technology. Ma-
jor underlying themes are economic and cultural convergence and capaci-
ty building, with a substantial reduction in regional differences in per cap-
ita income. In this world, people pursue personal wealth rather than envi-
ronmental quality.

e A2: A differentiated world. The underlying theme is that of strengthening
regional cultural identities, with an emphasis on family values and local
traditions, high population growth, and less concern for rapid economic
development.

°  Bl: A convergent world with rapid change in economic structures, “dema-
terialization” and introduction of clean technologies. The emphasis is on
global solutions to environmental and social sustainability, including con-
certed efforts for rapid technology development, dematerialization of the
economy, and improving equity.

e B2: Aworld in which the emphasis is on local solutions to economic, so-
cial, and environmental sustainability. It is a heterogeneous world with
less rapid, and more diverse technological change but a strong emphasis
on community initiative and social innovation to find local, rather than
global solutions.

Although these are all non-intervention scenarios, it can be difficult to distin-
guish between scenarios that envisage stringent environmental policies (e.g. B1)
and scenarios that include direct climate policies, such as the stabilization sce-
narios described in Section 8.

Quantifications of these storylines are presented in Tables 2-5.
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Table 2. SRES98 preliminary Al marker scenario: quantification of population, GNP, GNP/capita, energy intensity and forest cover
globally and for four world economic regions in 1990 and projected for 2020, 2050 and 2100. Source: Nakicenovi¢ et al. (2000).

Region Year  Population GNP GNP/Capita Energy Intensity Forests
{millions) (trillions 1990%) (thousands §)  (M)/$) (million ha)
OECD 1990 859 16.4 19.1 14 1056
2020 1002 31.0 30.9 58 1105
2050 108 54.1 50.0 40 1243
2100 1110 L 109.1 17 1370
EFSU- 1990 413 LI 21 515 960
2020 430 29 8.7 7.5 970
2050 423 12.4 293 6.8 3
2100 339 342 100.9 33 1114
ASIAP 1990 2798 1.5 0.5 218 527
2020 3851 123 32 il 4il
2050 4120 62.7 14.9 5.3 405
2100 2882 2073 11.9 3.1 41
ROW 1990 192 19 1.6 137 1706
2020 2 103 47 12.6 1326
2050 2980 52.0 7.4 11 1253
200 10 165.9 60.8 39 1371
GLOBAL 1990 5262 209 4.0 113 4249
2020 7493 56.5 15 8.8 3811
2050 8704 1813 20.8 5.5 3874
200 7056 528.5 14.9 33 4326

OECD - Organization of Economic Co-operation and Development; EFSU - Eastern Europe and the Former Soviet Union; ASIA
P - Asian Pacific region; ROW - Rest of the World

Table 3. SRES98 preliminary A2 marker scenario: quantification of population, GNP, GNP/capita and energy intensity globally and for
four world economic regions in 1990 and projected for 2020, 2050 and 2100. Source: Nakicenovic et al. (2000).

Region Year  Population GNP GNP/Capita Energy Intensity Forests
(millions) (trillions 1990%) (thousands §)  (M)/9) (million ha)
OECD 1990 848 5.7 18.5 8.5 NA
2020 1030 26.0 252 12 NA
2050 151 39.9 47 5.5 NA
2100 1496 87.6 58.6 38 NA
EFSU- 1990 420 1.0 24 616 NA
2020 455 1.4 3. 384 NA
2050 519 37 1l 2.7 NA
2100 706 142 20.| 89 NA
ASIAP 1990 2779 l7 0.6 30.1 NA
2020 4308 53 1.2 78 NA
2050 5764 15.0 1.4 18.4 NA
2100 7340 51.1 1.8 83 NA
ROW 1990 1217 2.4 11 12.8 NA
2020 2398 18 33 14.6 NA
2050 3862 23.0 6.0 10.5 NA
2100 5526 83.8 5.2 5.3 NA
GLOBAL 1990 5263 20.9 40 12.8 NA
2020 8191 40.5 49 12.4 NA
2050 11296 81.6 11 10.0 NA
2100 15068 241.8 16.] 5.1 NA

OECD - Organization of Economic Co-operation and Development; EFSU - Eastern Europe and the Former Soviet Union; ASIA
P - Asian Pacific region; ROW - Rest of the World
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Table 4. SRES98 preliminary Bl marker scenario: quantification of population, GNP, GNP/capita and forest cover globally
and for four world economic regions in 1990 and projected for 2020, 2050 and 2100. Source: Nakicenovic et al. (2000).

Region Year Population GNP GNP/Capita Energy Intensity Forests
(millions) (trillions 19908) (thousands §)  (M)/3) (million ha)
0ECD 1990 80! 16.51 20.6 NA I114.8
2020 950 311 33.9 NA 1160.2
2050 1023 5132 501 NA 1198.7
2100 1055 18.19 14.1 NA 1199.8
EFSU- 1990 413 0.97 13 NA 1147.0
2020 442 1.78 4.0 NA 1326.2
2050 437 5.12 1.7 NA 14149
2100 352 15.4 43.8 NA 1450.9
ASIAP 1990 2790 1.42 0.5 NA 4811
2020 3924 6.57 .7 NA 375.6
2050 4209 19.92 11 NA 3185
2100 2875 119.36 415 NA 571.6
ROW 1990 1293 210 1.6 NA 1527.6
2020 2450 1.64 3. NA 12329
2050 3265 16.58 8.1 NA 1275.6
2100 2958 125.01 423 NA 1853.2
GLOBAL 1990 5291 ARV 40 NA 4211.0
2020 1761 48.2 6.2 NA 4095.0
2050 8933 113.9 2.8 NA 42017
2100 1239 3383 46.7 NA 50755

OECD - Organization of Economic Co-operation and Development; EFSU - Eastern Europe and the Former Soviet Union; ASIA
P - Asian Pacific region; ROW - Rest of the World

Table 5. SRES98 preliminary B2 marker scenario: quantification of population, GNP, GNP/capita, energy intensity and forest co-
ver globally and for four world economic regions in 1990 and projected for 2020, 2050 and 2100. Source: Nakicenovi¢ et al. (2000).

Region Year Population GNP GNP/Capita Energy Intensity Forests
(millions) (trillions 19908) (thousands §)  (M)/$) (million ha)
OECD 1990 859 16.4 19.1 15 1056.3
2020 982 303 30.9 53 1107.3
2050 976 383 39.2 NA 1181.0
2100 928 56.6 61.0 3.2 1290.3
EFSU 1990 413 L IRl 45.8 960.0
2020 418 1.8 43 N 9403
2050 406 8.6 16.3 103 961.1
2100 379 14.5 383 54 1004.4
ASIAP 1990 2798 15 0.5 41.0 527.1
2020 4008 13.2 33 10.9 4117
2050 4696 4.8 8.9 6.0 439.5
2100 4968 91.1 9.5 40 487
ROW 1990 1192 L9 1.6 20.7 1706.0
2020 2263 5.5 24 13.5 131.6
2050 3289 0.8 8.9 8.7 1319.0
2100 4139 66.8 16.1 4. 13443
GLOBAL 1990 5262 20.9 4.0 12.9 4249.5
2020 1672 50.7 6.6 8.5 377159
2050 9367 109.5 1.7 8.0 3906.7
2100 1041 42349 1.6 4.0 4121.7

OECD - Organization of Economic Co-operation and Development; EFSU - Eastern Europe and the Former Soviet Union; ASIA
P - Asian Pacific region; ROW - Rest of the World
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The Preliminary SRES Marker
Scenarios: Gliobal
€haracterizatcions
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3.1 Estimating the climatic and sea-level responses to
different emissions scenarios

The driving forces described and quantified in Section 2 give rise to a range of
scenarios of greenhouse gas and sulphur emissions into the atmosphere. These
were quantified for the SRES using different energy models, and the emissions
profiles selected as the four preliminary marker scenarios are used here (Table 6).
The implications of these emissions for atmospheric concentrations and subse-
quently for climate can be studied using two generic types of models: complex
models or simple models (Figure 1).

SIMPLE MODELS SCENARIOS COMPLEX MODELS
(GLOBAL-AVERAGE) (REGIONALIZED)

SOCIO-ECONOMIC AND
TECHNOLOGICAL TRENDS

A 4

EMISSION SCENARIOS
e.g.1S92; SRES98

Simple gas models: < ATMOSPHERIC " 3-D qtmospheric P
C, CH,, N,O, Halocarbons CONCENTRATION chemistry models
Aerosols

v ¥

Radiative transfer model 9 RADIATIVE FORCING

Simple climate model 3|  CLIMATE CHANGE |« a&%“s’zﬁgr‘gcégr‘w

. i

Thermal expansion model ~ A e
Ice melt models [ EERLEVELCHANGE -

o o — — — o—

I

Figure I. Alternative pathways for obtaining projections of atmospheric composition, radia-
tive forcing, climate and sea-level.
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Complex models refer to numerical models that describe the dynamics of
chemical and/or physical processes operating in the atmosphere. General circu-
lation models are examples of such models. These models are capable of provid-
ing regional estimates of changes in atmospheric composition or of climate for a
given emissions scenario (right hand side of Figure 1). However, they tend to be
highly resource intensive, demanding large computing capacity, and this pre-
cludes rapid and/or multiple simulations for a range of different emissions sce-
narios. An alternative, is to use simple models (often referred to as simple cli-
mate models), usually operating over large regions or globally, that apply simpli-
fied representations of major processes operating in the atmosphere, enabling
them to mimic the aggregate outputs from complex models but at a fraction of
the computational cost. These models are useful tools for exploring rapidly the
broad-scale implications of large numbers of emissions scenarios (left hand side
of Figure 1).

Few estimates of atmospheric composition or of climate change have yet
been reported from complex models based on the SRES98 emissions scenarios,
although this work is in progress at several modelling centres around the world.
In the absence of regional model outputs, alternative methods need to be sought
to provide estimates of the possible atmospheric implications of the SRES emis-
sions scenarios. For this exercise, we make use of existing information from both
simple global models and GCMs. We first describe the use of simple climate
models and then in Section 4 we illustrate an approach for combining informa-
tion from these with GCM outputs.

I o °

3.4 ,y"’ﬁ\(t_:(rj«i>“f,f]// 1t 1 ;)"u W emissions uncertainties

We have used the same set of simple models (MAGICC - Wigley, 1995; Wigley
and Raper, 1995; Wigley et al., 1997) that were applied in the IPCC Second As-
sessment Report to convert the SRES98 emissions scenarios into atmospheric
concentrations, radiative forcing (i.e. the aggregate effect of concentrations on
the Earth’s radiation balance), mean annual temperature change and mean sea-
level rise. Table 6 compares the global outcomes of the four SRES98 marker sce-
narios by the 2050s assuming a climate sensitivity® of 2.59C and no aerosol forc-
ing. The possible effects of aerosols are discussed in Section 7. The global mean
annual temperature change by this time varies from 1.39°C under scenario Bl to
1.81°C under scenario A2. Table 6 also shows the 1592a scenario for comparison.
An approximation of this IS92a emissions scenario, assuming a 1% growth in
greenhouse gas concentrations per annum, has been widely applied in project-
ing future climate using GCMs (see Section 4).

3 The climate sensitivity is the long term (equilibrium) change in global mean surface tem-
perature following a doubling of atmospheric equivalent CO, concentration. Its likely range
is estimated to be 1.5 to 4.5°C (IPCC, 1996).
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Table 6. The SRES98 preliminary marker scenarios compared with 1$92a and with estimates for year 2000. All calculations
apply to the 20505 period (i.e., 2055). C s annual carbon emissions from fossil energy sources, S is annual sulphur emissi-
ons and pC0, is the atmospheric carbon dioxide concentration. Temperature (AT) and sea-level (ASL) changes assume no
aerosol effect and a 2.5T climate sensitivity and are calculated from a 1961-90 baseline using MAGICC (IPCC SAR version -
Wigley, 1995; Wigley and Raper, 1995; Wigley et al., 1997).

Population ( emissions Total § pC02 Global AT Global ASL

from energy emissions

(billions) (GtC) (TgS) (ppmv) (T (cm)
2000 6.00 1.0 ~T15 ~310 ~0.30* N/a
2050s
1592a 9.57 142 52 528 .68 38
SRES98 BI 8.76 9.1 51 419 1.39 35
SRES98 B2 9.53 1.3 55 492 .49 36
SRES98 Al 8.54 16.1 58 555 .76 39
SRES98 A2 [1.67 173 96 559 1.8l 39

* Observed global warming of the 1990s relative to 1961-90 [Source: Hadley Centre and University of East Anglia]

It should be noted that somewhat different results from those presented in Table
6 would be obtained with the final SRES emissions scenarios, with more recent
versions of the MAGICC models or with alternative models.

ccounting Tor uncertainties in the climate

sensitivity

The estimates of temperature and sea-level change in Table 6 covered the range
of SRES98 emissions scenarios but assumed a fixed, mid-range sensitivity of the
climate to a given radiative forcing (2.5°C climate sensitivity). In order to ac-
count for a wider range of uncertainties, combinations of emissions scenarios
and values of the climate sensitivity have been selected, as follows:

e Bl-low, combining the Bl emissions with a 1.5°C climate sensitivity

e B2-mid (B2 emissions and 2.5°C sensitivity)

e  Al-mid (Al emissions and 2.5°C sensitivity)

e A2-high (A2 emissions and 4.5°C sensitivity)

We chose the two middle cases deliberately because even though the global warm-
ing is similar, the worlds which underlie the B2 and A1 emissions scenarios are
quite different. The impacts of what may be rather similar global and regional
climate changes could be quite different in these two cases. For example, world
population is lower in the A1 world than in the B2 world, but GNP, carbon and
sulphur emissions and CO, concentrations are higher (Tables 2, 5 and 6).

Outcomes of these four scenario combinations are shown in Table 7. Thus,
the inclusion of the climate sensitivity uncertainty range has widened the range
of global warming by the 2050s to 0.93-2.61°C compared to 1.39-1.81°C shown in
Table 6.
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3.4 Global sea-level changes

Global warming is expected to result in a worldwide rise in sea-level. The above
global temperature change scenarios can be interpreted in terms of their effects
on global-mean sea-level using simple models (Table 7). These calculations in-
clude estimates due to thermal expansion, glacier ice-melt and changes in ice-
sheet mass balances, but do not account for regional differences in sea-level rise
due to ocean and atmosphere circulation effects. Furthermore, Table 7 makes no
allowances for natural vertical land movements due to geological causes: some
land areas of the world are subsiding; others are emerging out of the ocean. Con-
sideration of the impacts of sea-level rise also requires some assessment of the
changing storm environment and the ways in which mean sea-level rise, storm
regimes and offshore topography may combine to alter the return periods of high
tide-levels.

Table 7. The four SRES98-based scenarios and their implications for 0, concentration, global mean annual temperature and
sea-level by 2025, 2055, 2085 and 2100. C is annual carbon emissions from fossil energy sources, § is annual sulphur emissi-
ons. Temperature and sea-level changes assume no sulphate aerosol effect and are calculated from a 1961-90 baseline using
MAGICC (IPCC SAR version - Wigley, 1995; Wigley and Raper, [995; Wigley et al., 1997).

2025 2055 2085 2100

C emissions from energy (GtC)

Bl 8.35 9.12 8.20 6.50
B2 9.45 1130 12.74 13.70
Al 13.20 16.05 14.55 13.20
n 12.10 1730 24.15 28.80
Total § emissions (Tg5)

Bl 54.9 513 38.0 28.6
B2 62.5 55.4 48.5 413
Al 96.1 51.1 29.9 1.4
n 105.7 95.8 63.1 60.3
(0, concentration (ppmv)

Bl 41 419 532 541
B2 429 492 561 601
Al 448 555 646 680
n 440 559 11 834
Global temperature change (°C)

Bl-low 0.60 0.93 .21 1.28
B2-mid 0.93 .49 1.96 218
Al-mid .02 .76 225 241
A2-high 1.40 2.61 3.94 4.65
Global sea-level change (cm)

Bl-low 1 13 19 N0
B2-mid 20 36 53 6l
Al-mid 2 39 58 67
A2-high 38 68 104 124
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Regional €limace

- GCharaccerizacions: Maps
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Having defined four global climate scenarios, we need next to consider the range
of climate changes at a regional level that may result from each of these possibil-
ities. This section introduces a set of interim regional climatic characterizations
based on the SRES98 marker emissions scenarios. They are interim because they
will be superseded by a set of new simulations with AOGCMs forced by SRES98
emissions, which will start to become available during 2000. However, until these
appear, we have employed existing GCM results in combination with simple
global models to help us to define the range of regional climates to be expected
for a given global warming.

We have made use of a set of regional (gridded) patterns of climate change
from seven GCMs which were available from the IPCC Data Distribution Centre
(DDC) as of June 1999*

e CGCM1 Canadian GCM #1
Boer et al. (2000)
CSIRO-Mk2b Commonwealth Scientific and Industrial Research Organisa-
tion, Model #2b
Hirst et al. (2000)
e ECHAM4 European Centre/Hamburg Model #4
Roeckner et al. (1996); Zhang et al. (1998)
e GFDL-R15 Geophysical Fluid Dynamics Laboratory, R-15 resolution
model
Manabe and Stouffer (1996)
e HadCM2  Hadley Centre Coupled Model #2
Mitchell and Johns (1997)
e NCARI1 National Centre for Atmospheric Research, Model #1
Meehl and Washington (1995); Washington and Meehl (1996)
o CCSR-98 Centre for Climate Research Studies 1998 Model
Emori et al. (1999)

All of these represent the simulated climate response to emissions that approxi-
mate the IS92a scenario (1% per annum growth in CO,-equivalent greenhouse
gas concentration). Some discussion about the validity of results from GCM ex-
periments is provided in Box 1.

In this section we present global maps showing seasonal mean temperature
and precipitation changes for the 2020s, 2050s and 2080s. The detailed construc-
tion of the global maps is described in Box 2, and the full set of maps is displayed
in Appendix A (Figures A1 - A40). For each scenario, season, variable and time-
slice we present two maps. One map shows the median change from our sample

4 These experiments are documented at website: http:/ /ipcc-dde.cru.uea.ac.uk/cru_data/
examine/ddc_GCMexperi.html
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of ten standardized and scaled GCM responses and the other map shows the
absolute range of these ten responses. We also introduce the idea of signal:noise
ratios by comparing the median scaled GCM change against an estimate of natu-
ral multi-decadal variability also based on a GCM simulation (see Section 5.3). In
the maps showing the median change we only plot these values where they ex-
ceed the 1 standard deviation estimate extracted from the 1400-year unforced sim-
ulation of HadCM2 (Tett et al. 1997). We recognise that by adopting this 1 SD
limit we may be excluding regions in which important changes are estimated to
occur, even if these are not statistically significant according to this criterion.

Therefore, we advise readers to use the mapped information in conjunction with

the regional scatter plots described in Section 6 and presented in Appendix B.
To summarize, the maps inform at a number of levels:

°  Regional estimates of mean seasonal climate change (mean temperature
and precipitation) for the full range of scenarios are presented;

o  Estimates are derived from a sample (a pseudo-ensemble) of ten different
GCM simulations, rather than being dependent on any single GCM or
GCM experiment;

e Only median changes that exceed what may reasonably be expected to oc-
cur due to natural climate variability are plotted;

o The extent of inter-model agreement is depicted through the range maps.

BOX 1 The validity of general circulation models

Many impact assessment studies have used GCMs as the basis for creating climate sce-
narios. The major advantage of using GCMs for this purpose is that they are the only tool
that estimates changes in climate due to increased greenhouse gases for a large number of
climate variables in a physically consistent manner. A major disadvantage of using GCMs,
however, is that, although they quite accurately represent global climate, their simula-
tions of current regional climate can often be inaccurate. Although the variables within a
GCM are all determined using physical laws, or empirical relationships based on physi-
cal laws, validation studies show that the internal relationships between these model
variables may not necessarily be the same as the relationships observed in the real world.
In many regions, GCMs may significantly underestimate or overestimate current temper-
atures and precipitation. Another disadvantage of GCMs is that they do not produce
output on a geographic and temporal scale fine enough for many regional or national
impact assessments. GCMs estimate uniform climate changes in grid boxes several hun-
dred kilometres across, and although they estimate climate on a daily or even twice daily
basis, results are generally archived and reported only as monthly averages or monthly
time series.

Therefore, although GCMs have clear limitations for the purposes of climate sce-
nario construction, they do provide the best information available on how global and
regional climate may change as a result of increasing atmospheric concentrations of green-
house gases.
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BOX 2 Constructing the global mapped climate change characterizations

There are two approaches to identifying the range of possible regional responses. We can
examine ensembles of simulations from the same model and generated by the same
forcing (e.g. the HadCM2 experiment which generated ensembles with four members),
or we can examine the full sample of results from all the GCM experiments. In this latter
approach, the results are not directly comparable because although they are based on
the same forcing (1% increase per annum) they do have different climate sensitivities (a
factor we have already accounted for in our four global scenarios in Table 7). We there-
fore need some way to standardize the results from the GCMs to ensure that the differ-
ent patterns of response are not biased by different model sensitivities and that the pat-
terns are consistent with the four global warming scenarios we have adopted.

The simplest way to achieve such standardization is to normalize the GCM re-
sponses according to the global-mean temperature change of each respective GCM and
then to scale these standardized patterns according to our global warming scenarios
(following Santer ef al., 1990). This method, which is discussed further in Section 7,
assumes that the regional patfern of climate change due to greenhouse gas forcing (the
greenhouse “signal”) remains invariant both over time and for different levels of forc-
ing, and that this greenhouse signal can be adequately extracted from GCM experiments.
In this way, the regional pattern of climate change by the 2050s from a GCM with a large
global warming by the 2050s (i.e., a high model climate sensitivity) would be reduced in .
proportion to the ratio of the model’s global warming to that computed for the four
SRES98-based scenarios.

These characterizations use the 30-year mean GCM change patterns for the 2080s
(i-e., 2070-2099 minus 1961-90 for each respective GCM simulation) to re-create all earli-
er timeslices (except for the GFDL-R15 and NCAR1 simulations where only the 2020s
pattern was available and so we use this pattern to re-create later timeslices). The four
HadCM2 ensemble members are scaled, and presented, separately. Our IPCC DDC “pseu-
do-ensemble” therefore comprises ten members.

The scaling is performed using the numbers given in Table 8. This shows the glo-
bal-mean annual warming (°C) for the 30-year time-slices, expressed with respect to the
1961-90 means, computed using MAGICC (upper four rows in Table) and by GCMs
(remaining rows). No aerosol effects are included in the MAGICC calculations (i.e., all
aerosol forcing is switched off from 1765). This is to achieve consistency with the GCM
simulations which are all forced with greenhouse gas concentration changes only. Thus
to calculate the B1-low characterization for the 2050s for the HadCM2 GGa2 simulation,
the GGa2 2080s change fields (seasonal mean temperature and precipitation; absolute
changes) are multiplied by (0.93/3.03); and to calculate the Al-mid characterization for
the 2080s for the GFDL-R15 simulation, the GFDL 2020s change fields (seasonal mean
temperature and precipitation changes) are multiplied by (2.25/1.71).
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Table 8. Global-mean warming (°C) for the four scenarios (cf. Table 7) and for the ten GCM simulations used. All war-
mings are shown for 30-year timeslices with respect to the 1961-90 mean. N/a indicates that data were not available.

2020s 20505 2080s

SRES98-based scenarios

Bl-low 0.60 0.93 1.21
B2-mid 0.93 .49 1.96
Al-mid 1.02 .76 225
A2-high 1.40 261 3.94
GCM outputs

Had(M2 GGal 1.21 210 3.7
Had(M2 GGa2 1.20 2.02 3.03
HadCM2 GGa3 116 2.06 3.07
HadCM2 GGad .19 1.03 3.01
(GCMI .47 3.01 493
FCHAM4 .22 .13 3.02
(CSR-98 .12 101 3.00
NCARI 1.80 N/a N/a
(SIRO-Mk2 [.21 2.05 3.06
GFDL-RIS [.71 Na N/a

All GCM fields were interpolated onto a common grid (the HadCM2 grid). Note that this
re-gridding was 1ot performed for the regional graphs depicted in Appendix B. Once all
the respective GCM fields have been standardized and re-scaled to the three timeslices,
we calculate the median change of the ten “pseudo-ensemble” members. For the precipi-
tation plots and to ease interpretation, the re-scaled absolute changes (in mm/day) are
converted into per cent changes from the respective 1961-90 model means. The median
value is plotted as the left panel of the maps in Appendix A, but only where this value
exceeds the 1 standard deviation estimate of natural climate variability derived from the
1400-year HadCM2 unforced simulation. The right-hand panel shows the range of scaled
GCM changes for each gridbox, i.e, the maximum of the ten changes minus the mini-
mum. This therefore provides a measure of inter-model and intra-ensemble agreement.
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5.1 Projected rates of temperature change up to 2100

In order to summarise some of the regional changes displayed on the maps, we
have estimated rates of mean annual temperature change under the two extreme
scenarios, Bl-low and A2-high, for each continent and for a number of oceanic
regions (Table 9). The two values represent the spatial range of the median changes
(left hand maps in Figures Al and A31). The uncertainty attributable to inter-
model differences is not shown, but can be read off the right hand maps (Figures
A1 and A31). It should be stressed that the numbers contained in Table 9 are
visual estimates and are highly approximate. They are provided to offer a quick
summary of regional differences in climate projections, as a complement to the
more detailed regional scatter plots presented in Appendix B.
Two further features of regional climate are also presented in Table 9 and in
other supporting material:
1. Estimates of observed trends in regional climate during the 20th century
2. Model estimates of the range of multi-decadal “natural” variability in the
climate.

5.2 Trends in observed climate since 1901

Trends in mean annual climate during the period 1901-1998 for each continent
and for a number of ocean regions have been computed as anomalies relative to
the 1961-1990 mean using four global gridded climatological databases. Anoma-
lies of annual temperature are shown in Figure 2 and of annual precipitation in
Figure 3. Smooth curves have also been fitted to the annual data to accentuate
long term trends. In addition, least squares linear regression lines were comput-
ed for each of the temperature time series in order to evaluate long term trends in
°C per century (Table 9).

Twentieth century trends in global climate are also depicted in map form for
5 x 5° latitude/ longitude grid boxes in Figures 4 (annual temperature) and 5
(annual precipitation). These are updated versions of maps that were first pre-
pared for the IPCC Special Report on The Regional Impacts of Climate Change (Karl,
1998).
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Table 9. Comparison of rates of mean annual temperature change projected for the 2Ist century (median changes) under a
range of emissions and climate sensitivities with rates observed during the 20th century and with modelled multi-decadal
natural variability (=1 standard deviations) for 14 world regions and globally. Note that the 2080s characterizations are
based on visual estimates from maps in Appendix A.

Mean annual air temperature

Region Latitude/ Land surface =1 5D GCM Characterizations to 2080s
longitude trends, 1901-98 multi-decadal (median - °C/century)®
domain® (°C/eentury)® variability (°C)¢ Bl-low A2-high

Global 90°N - 90°§ 03-0.7°C: 0.061 1.2 3.9
180°W - 180°E

Africa 35°N - 35°%; 0.39 0.080 l-3 351
20°W - 50°E

Asia 80°N - 10°5; 0.50 0.096 I-3 3-9
50°E - 170°W

Australasia [0°N - 50°; 0.45 0.100 I-2 3-55
[0°E - 180°E

Europe T0°N - 35°N; 0.64 0.144 0.5-2 1-46
30°W - 50°E

Latin America  25°N - 55°%; 0.67 0.094 05-2 1-6
110°W - 30°W

North America  70°N - 25°N; 0.70 0.099 I-3 3.5-15
[70°W - 50°W

Antarctic 65°§ - 90°5; 1.91e 0.118 0-2 I-5.5
180°W - 180°E

Arctic 90°N - 60°N; 0.46 0.129 0.5-4 1-10
180°W - 180°E

Caribbean 25°N - 10°N; 0.76 0.109 [-15 3-4
90°W - 60°W

Indian Ocean  0°N - 60°S; 1.09" 0.072 0-15 [-4
50°E - 100°E

Mediteranean  45°N - 30°N; 0.60 0.121 [-15 3-5
0°E - 40°F

Northern Pacific  40°N - 0°N; 0.5 0.069 05-15  2-4
140°E - 120°W

Southern Pacific  0°N - 60°S; 0.39" 0.048 0-15 |—4
150°E - 80°W

Tropical NE. 40°N - 0°N; -0.28! 0.057 05-15 25-4

Atlantic 20°W - 40°W

2 Some domains differ from those shown for similar regions in Section 6 (Figure 6); ® Based on linear regression of annual
time series in Figure 2; ¢ From the HadCM2 1400-year unforced control simulation; ¢ median of 10 scaled GCM outputs (visual
estimates from Figures Al and A31); * Based on the Jones et al. (1999); * Estimate from MAGICC (IPCC SAR version - Wigley,
1995; Wigley and Raper, 1995; Wigley et al., 1997); # Data for 1957-1998; " Combined land and ocean temperatures.

The Finnish Environment 433

---------------------------------------------



AFRICA AUSTRALASIA

T[T

°C anomalies

°C anomalies
i & o
o

bbb Bl

pbin b b Dl

=)
T

-
8
(=
g
[S)
-
©
D
=3
©
@
S
n
o
S
o
©
o
[S]
©
N
o

1940 1960 1980 2000

ASIA LATIN AMERICA

TP

°C anomalies

°C anomalies
LB s
=]

T,

podi bl b

sl bl D i

1920 1940 1960 1980

n
o
S
=]
-
©
=]
(=
©
n
=

1940 1960 1980

n
g

NORTH AMERICA EUROPE

T T
TTIETET I

°C anomalies
°C anomalies
(=]
=]

RTTN IR A

E X '
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980

n
8
=}

ARCTIC SOUTH PACIFIC
T T

T

°C anomalies

°C anomalies
5 o
=]

poledvdin oo lo

TITITTTTT

L ' s
1940 1960 1980

=3
S
-
QL
N
=}

' L L L -
1900 1920 1940 1960 1980 2000 19

n
2

NORTH PACIFIC CARIBBEAN

T[T

°C anomalies
A - -
°C anomalies
o
o

FATTE FTRTY ERUTY SV Fvev

o
T

- L L L L L L L
1900 1920 1940 1960 1980 2000 19 1920 1940 1960 1980 2000

o
S

INDIAN OCEAN MEDITERRANEAN

1.5
1.0
0.5
0.0
-0.5

-1.0
' L L n E -1.5
1920 1940 1960 1980 19

I

°C anomalies
°C anomalies

vl bbbl

R Reww e rere A P

I,

s ' '
1940 . 1960 1980 2000

n
o
S
S
o
[S]
—_
«Q
N
(=

ANTARCTIC TROPICAL NE ATLANTIC

1.5
1.0

0.5
0.0
-0.5

-1.0

s L ' E -1.5 L s ' E
1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

°C anomalies
°C anomalies

THTY FTRTE R T e e

T T T T LI TrTe

Figure 2. Anomalies of annual temperature for the period 1901-1998 relative to the 1961-1990 mean for 14 world re-
gions (cf. Table 9). Curved lines represent a 15 point Gaussian filter fitted to the annual time series. Temperatures
above and below the 1961-1990 mean are indicated in red and blue shading, respectively. Data for the Antarctic are for
land areas during 1957-1998 (from Jones, 1995, updated). Data for the Pacific, Tropical NE Atlantic and Indian Oceans
are combined land plus marine data (from Parker et al., 1994, updated). Both of these databases are gridded at 5° x 5°
latitude/longitude resolution. Data for all other regions are from the 0.5° x 0.5° resolution global terrestrial data set of
New et al. (1999, 2000).
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Figure 3. Anomalies of annual precipitation over land areas only for the period 1901-1998 relative to the 1961-1990
mean for 14 world regions (cf. Table 9). Curved lines represent a 10 point Gaussian filter fitted to the annual time se-
ries. Data are from the gridded terrestrial database of Hulme (1994, updated). There are no data for the Antarctic due
to insufficient observations.

The Finnish Environment 433 @



Trends (degC/century) in ANNUAL Temp
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Figure 4. Mean annual near-surface temperature trends, 1901-1998, by 5° x 5° latitude/longitude grid box. The area of
a circle represents the magnitude of the trend (°C/century): red circles indicate increasing trends; blue circles decreas-
ing trends. Source: T. Karl (personal communication, 1999).

Trends (%/century) in Annual Precipitation
1900 - 1998

-200%  -100% -50% -20% -10% 0% 10% 20% 50% 100% 200%

Figure 5. Mean annual land surface precipitation trends, 1900-1998, by 5° x 5° latitude/longitude grid box. The area of
a circle represents the magnitude of the trend (Y%/century): green circles indicate increasing trends; brown circles de-
creasing trends. Stations with more than 1/6 of their data missing during the normal period or more than one season or
year without any measurable precipitation were excluded from consideration. Trends were not calculated if less than
66% of the years were missing during the period cited. Source: T. Karl (personal communication, 1999).
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5.3 Multi-decadal natural variability

Global and regional climate will vary naturally over future decades, with or with-
out substantial human influence on climate. Therefore, it is useful to consider
what range of naturally occurring future climates resource managers may have
to adapt to in the absence of climate change. There are two ways to estimate this
range: use long instrumental records of climate, or use long unforced GCM sim-
ulations. Using instrumental records has the disadvantage that they are at most
100-200 years in length and may already be contaminated by greenhouse warm-
ing (and are not therefore describing natural variability). Using model simula-
tions has the disadvantage that models may not accurately simulate natural cli-
mate variability. Given that model simulations give us longer and more compre-
hensive estimates of natural variability, and that at least for some regions and on
some time-scales these models yield estimates of natural variability quite similar
both to observations (Tett ef al., 1997) and to climatic fluctuations reconstructed
from proxy records over the past millennium (Jones et al., 1998; Hulme et al.,
1999), we have chosen to use model simulations to quantify the range of natural
climate variability.

We have adopted 30-year time-mean climates for this exercise (following
the World Meteorological Organization convention adopted in this assessment).
The distributions of 30-year climatic means allow us to estimate the probability
of a “different” climate occurring in the future (say the 2050s), irrespective of
human influence. We have chosen a change in 30-year mean climate of more
than +1 standard deviations relative to the long-term mean as our threshold for
displaying median changes in temperature and precipitation in Figures A1-A40.
Assuming a normally distributed set of 30-year mean climates, there is only a
16% probability that a change in climate exceeding this threshold could have
occurred “naturally”, in the absence of external forcing.

The +1 SD limits for mean annual temperature from the unforced Hadley
Centre simulation are summarised in Table 9 as a spatial range for each region.
These values can be compared with the observed and projected trends in tem-
perature also presented in Table 9. One of the key challenges for climatologists
studying the instrumental record is to identify patterns in observed climate change
that are abnormal with respect to natural variability (climate change detection)
and to match them to GCM projections of future change under anthropogenic
forcing (climate change attribution).

Errata
Page 24, Figure 5, Title:
Trends (mm/century) in Annual Precipitation
Page 24, Figure 5, Caption, 2™ sentence:
The area of a circle represents the magnitude of the trend
(mm/century): green circles indicate increasing trends; brown
circles decreasing trends.
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Regional €limate
Characterizacions: Scaccer Plots

To condense the scenario information further, we have constructed summary
scatter plots for 32 world regions (Appendix B, Figures B1-B32). The regions are
subdivisions of the continental-scale regions adopted by IPCC Working Group II
in successive assessments. As such, they cover all global land areas as well as
ocean areas in which the most numerous small island states are located (Table 10
and Figure 6). Their size, encompassing several model grid boxes, is small enough
to distinguish important differences in climate changes between regions but large
enough to reflect the types of broad scale changes that can be simulated with
some confidence by GCMs.
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Figure 6. Map showing the 32 regions described in Table 10 as defined on the HadCM2 GCM grid. Regional domains are
slightly different for each of the other GCMs.
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Table 10. Subdivisions of the IPCC Working Group Il regions used for characterizing possible future climate. Regions marked
in italics are characterized by climate model ocean grid boxes. All other regions are represented as land grid boxes.

WG I Region  No. Sub-region Code Latitude (N) Longitude (E)
Polar | Arctic/land ARL 90.0 675 -180.0  180.0
1 Arctic/ocean ARO 90.0 675 -180.0  180.0
3 Antarctic/land ANL 550 -90.0 -180.0  180.0
4 Antarctic/ocean ANO -55.0  -90.0 -180.0  180.0
North America 5 Alaska/NW Canada ALA 67.5 515 -170.0  -105.0
6 NE Canada/S Greenland/Iceland (Gl 67.5 500 -105.0  -10.0
T Western North America WNA 5.5 300 -135.0  -105.0
8 Central North America CNA 50.0 300 -105.0  -85.0
9 Eastern North America ENA 500  25.0 -850 -50.0
latin America 10 Central America (AM 300 10.0 -115.0  -85.0
[I Amazonia AMI 0.0 -20.0 -80.0  -35.0
12 Southern South America $SA 2200 -95.0 150 -40.0
Europe 13 Northern Europe NEU 6.5 415 100 400
14 Southern Europe/North Africa  SEU 41.5 300 100 40.0
Africa IS5 Sahara SAH 300 175 2200 65.0
[6 West Africa WAF (7.5  -10.0 200 250
[T East Africa EAF 7.5 -10.0 250 55.0
18 Southern Africa SAF 100 -35.0 100 50.0
Asia 19 Northern Asia NAS 675  50.0 40.0  -170.0
20 Central Asia (AS 50.0 300 400 750
11 Tibetan Plateau TIB 50.0  30.0 75.0  100.0
12 East Asia EAS 50.0  20.0 100.0 1500
23 South Asia SAS 30.0 5.0 65.0  100.0
24 Southeast Asia SEA 20,0 -10.0 100.0  150.0
Australasia 25 Northern Australia NAU 100 -30.0 0.0 155.0
26 Southern Australia/New Zealand SAU 2300 475 [10.0  180.0
Small Islands 21 Mediterranean MED 450 30.0 5000 350
18 Caribbeart CAR 250 100 -850 -60.0
19 Tropical NE Atlantic TNE 40.0 0.0 300 -10.0
30 North Pacific NPA 40.0 0.0 150.0 -120.0
31 Indian Ocean IND 7.5 -35.0 50.0  100.0
31 South Pacific SPA 0.0 -55.0 [50.0 -80.0

* Also includes land grid boxes where these coincide with small islands

Each scatter plot shows, for each of the four seasons and for either the 2020s,
2050s or 2080s, the distribution of the modelled changes in mean temperature
and precipitation for each GCM simulation and for each SRES98-based scenario.
Appendix B provides a full description of the construction method. As with the
maps, these changes are compared with the multi-decadal variability (MDV) of
temperature and precipitation extracted from the HadCM2 1400-year unforced
simulation. In addition, temperature and precipitation estimates of MDV taken
from the GFDL 1000-year unforced simulation are also shown for comparison
with the HadCM2 estimates.

These scatter plots provide a quick assessment at a regional-scale of the likely
range and significance of future climate change and show the extent to which
different GCMs agree in their regional response to a given magnitude of global
warming.
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It is important to appreciate that the methods used to construct the climatic char-
acterizations presented in the previous sections exhibit a number of important
potential weaknesses. These concern:

1. sulphate aerosol effects;

2. the scaling method;

3. representation of uncertainties; and

4. post-2100 changes.

In this section we consider the first three of these. The fourth is discussed in the
next section on stabilization scenarios. Clearly, as new information becomes avail-
able from GCM simulations conducted for a new set of emissions scenarios, it
will be possible to compare those with the interim estimates presented in this
document.

-
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Climate can also be affected by a number of other agents in addition to green-
house gases, and important amongst these are small particles (aerosols). These
aerosols are suspended in the atmosphere and some types (e.g. sulphate aerosols
derived from sulphur dioxide) reflect back solar radiation, having a cooling ef-
fect on climate. Although there are no measurements to show how these aerosol
concentrations have changed over the past 150 years, there are estimates of how
sulphur dioxide emissions (one of the main precursors for aerosol particles) have
risen and there are projections of such emissions into the future. A number of
such projections have been used in a sulphur cycle model as part of the MAG-
ICC model framework (Wigley et al., 1997) to calculate the accompanying rise in
sulphate aerosol concentrations. When the 1592a sulphur dioxide emissions sce-
nario is used, along with greenhouse gas increases, as input to GCMs, the global
temperature rise to 2100 is reduced by between a quarter and a third.

These are very uncertain calculations, however, due to a number of factors.
First, the IPCC emissions scenario on which it was based (IS92a) contains large
rises in sulphur dioxide emissions for most regions over the next century. Three
of the four preliminary SRES marker emissions scenarios, however, foresee only
a small rise in global sulphur dioxide emissions over the next couple of decades
followed by reductions to levels lower than today’s by 2100 (cf. Table 7). The
inclusion of these sulphur dioxide emissions scenarios into transient GCM ex-
periments would actually produce a small temperature rise by 2100 relative to
model experiments that excluded the aerosol effect (Schlesinger et al., 2000). Re-
sults from such transient GCM experiments are not available yet. Second, more
recent sulphur cycle models generate a lower sulphate burden per tonne of sul-
phur dioxide emissions and the radiative effect of the sulphate particles in more
sophisticated radiation models is smaller than previously calculated. Third, in
addition to their direct effect, sulphate aerosols can also cool climate by chang-
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ing the reflectivity and longevity of clouds. These indirect effects are now real-
ised as being as at least as important as the direct effect, but have not yet been
included in GCM climate change simulations from which results are available
for impacts work. Fourth, there are other types of aerosols (e.g. carbon or soot)
which may also have increased due to human activity, but which act to warm the
atmosphere. Above all, the short lifetime of sulphate particles in the atmosphere
means that they should be seen as a temporary masking effect on the underlying
warming trend due to greenhouse gases. For all these reasons, model simula-
tions of future climate change using both greenhouse gases and sulphate aerosols
were not used to develop the main climate scenario characterizations presented
here.

However, it is recognised that in certain regions, especially over parts of
southern and eastern Asia, the sulphur emissions in at least some of the prelim-
inary SRES scenarios increase rapidly during the next few decades before falling
equally rapidly during the middle decades of the century. These changes could
potentially have a significant effect on the climate during the next half century,
both locally and possibly in other regions too. Such regional effects on future
climate are not accounted for in the main characterizations presented above.

Nonetheless, it is possible to use a set of recently (1997) completed equilib-
rium GCM simulations to characterize the regional effects of the preliminary SRES
sulphur emissions scenarios using the scaling method proposed by Schlesinger
et al. (2000). This method utilises a series of model equilibrium simulations com-
pleted using the University of 1llinois at Urbana-Champaign (UIUC) 11-layer at-
mospheric GCM (AGCM), together with results from a simple climate model
which simulates the global-mean temperature response to the SRES98 marker
emissions scenarios. The simple climate model is run using the values of the
climate sensitivity assumed for the SRES-based scenarios (see section 3.3). The
global geographical response to aerosol forcing is deconstructed into six regional
responses, each of which is then re-combined on the basis of the unique pattern
of aerosol forcing in a given anthropogenic emissions scenario. Full details of the
method are described in Schlesinger ef al. (2000).

Figures C1 and C2 in Appendix C show the annual mean temperature change
induced by the SRES98-derived sulphate aerosol concentrations alone for the
four SRES98-based scenarios and for the 2020s, 2050s and 2080s. Aerosol-induced
changes in annual-mean temperature relative to 1961-90 climate are generally in
the range +1°C, and for most scenarios and regions the changes end up being
positive (i.e.,, warming). Figures C1 and C2 indicate annual cooling due to sul-
phate aerosol concentrations up to about 2050 over all regions of the world un-
der the A2-high scenario, followed by an aerosol-induced warming up to 2100 as
the sulphate burden is reduced. A similar, but weaker, pattern of cooling in all
regions up to about 2020 for the A1-mid scenario is followed by warming (though
lagged in the southern hemisphere and northern Africa), with all regions becom-
ing warmer than present by 2100 due to aerosol effects. The Bl-low and B2-mid
sulphur scenarios produce relative warming from 2000 onwards in all regions
except the southern hemisphere, reflecting the markedly reduced sulphate bur-
den in all regions (Schlesinger ef al., 2000).

The same regional scaling method can be applied in the case of precipita-
tion. Results are not shown here because of the generally much smaller signal-to-
noise ratio of the estimated aerosol-induced regional precipitation changes. For
most emissions scenarios, time-slices and regions these changes in annual mean
precipitation are less than +5 per cent which is well within the range of natural
multi-decadal natural precipitation variability. Some localised aerosol-induced
precipitation changes reach +10 per cent, but the significance of these changes is
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unclear. Reductions in sulphate aerosol forcing, as implied in the SRES98 emis-

sions scenarios, do not automatically translate into a sign reversal of the estimat-

ed local/regional aerosol-induced precipitation change.
A number of things should be pointed out about the sulphate-aerosol in-
duced climate changes estimated and discussed here:

e The changes shown in Figures C1 and C2 can be added to the greenhouse
gas-induced temperature changes shown in Figures A1, All, A21 and A31
to obtain a full, composite characterization of the preliminary SRES mark-
er scenarios. It should also be noted that the colours in the legends of
these two sets of maps represent different temperature scales.

e Until such time as results from fully coupled AOGCM climate change ex-
periments forced with comprehensive SRES-derived forcings become
available (during 2000), this composite method is the best interim ap-
proach for characterizing the climate implications of the SRES scenarios.”

e Itisimportant to realise that under most of the SRES98 emissions scenari-
os, and for most world regions, the effect of including suphate aerosol
concentrations in climate scenarios is to warm regional climate with re-
spect to 1961-90 and nof to cool it. This is a different conclusion from that
reached in the IPCC SAR and from that implied in the greenhouse gas and
aerosol forced AOGCM experiments posted on the IPCC DDC, all of
which use the (high) 1592a sulphur dioxide emissions projections.

" ( ‘il«“s‘ 19 Climate nmo lel re: DONSe D( itterns

The scaling technique we have employed to represent a wider range of possible
future forcings than are available from GCM simulations alone (cf. Box 2) has
been widely employed in impact studies. The approach was first suggested by
Santer ef al. (1990) and employed in the IPCC First Assessment Report to gener-
ate climate scenarios for the year 2030 (Mitchell ef al., 1990) using patterns from 2
x CO, GCM experiments. Fundamental assumptions in this technique are that
the patterns of the climate response to anthropogenic forcing can be adequately
defined from GCM experiments and that they are stable through time and across
a representative range of possible anthropogenic forcings.

Saltzman and Ogelsby (1992) demonstrated that the patterns of equilibrium
temperature response to increasing greenhouse gas forcing are fairly uniform
over a wide range of concentrations, scaling approximately with CO, concentra-
tion or linearly with global-mean temperature. The main exception occurs in the
regions of enhanced response near sea ice and snow margins. Mitchell ef al. (1999)
conclude that the uncertainties introduced by scaling decadal-mean tempera-
ture patterns are smaller than those due to the model’s internal variability, al-
though this conclusion probably does not hold for variables such as precipita-
tion.

Uncertainties due to scaling climate response patterns increase for scenari-
os that include substantial regionally differentiated aerosol forcings. The prob-
lem here is that aerosol forcing can induce large changes in some regional cli-
mate responses to anthropogenic forcing without greatly altering the response in
other regions or indeed without greatly affecting the global-mean temperature.
This characteristic weakens the basis for scaling methods that are based on the
assumption of a constant climate change pattern for a given global warming.
Similar global-mean warmings can be associated with quite different regional
patterns depending on the magnitude and pattern of the aerosol forcing. This

The Finnish Environment 433



concern has been tackled by Schlesinger et al. (2000) in the approach described in
Section 7.1 (above).

The above discussion demonstrates that the scaling of climate change re-
sponse patterns across a range of greenhouse gas forcing scenarios may be an
appropriate technique to apply to climate change scenario construction in cir-
cumstances such as the present application, when it is important to capture the
effect of emissions or climate sensitivity uncertainties on future climate. Howev-
er, it must be remembered that the pattern scaling method as a means of han-
dling one type of uncertainty, introduces its own uncertainty that has not been
thoroughly explored. The technique is likely to be less reliable in dealing with
sulphate aerosol induced patterns of change, and may well be inappropriate in
the case of stabilization forcing scenarios, where the forcing and response can be
strongly non linear. Of the variables examined, the technique performs best in
the case of surface air temperature and, as done here, when the response pattern
to be scaled is averaged over a decade or longer and defined from an ensemble of
model simulations.

7.3 Representation of uncertainties

The SRES-based characterizations were constructed to represent three important
sources of uncertainty in climate projections:
° uncertainties in future emissions
e uncertainties in the global climate response to emissions
(climate sensitivity)
e uncertainties in the regional climate response from different
GCM simulations

It should be emphasised that the characterizations do not capture the full range
of uncertainty in descriptions of future climate. The range of uncertainty for each
of the three sources listed is wider than that applied in this exercise. Moreover,
there are plausible instabilities in the earth-atmosphere system that could trigger
abrupt responses to anthropogenic forcing, for example cooling over the north
Atlantic due to a breakdown in the thermohaline circulation of the deep ocean
(Rahmstorf and Ganopolski, 1997), or a rise of sea-level of several metres due to
the break up of the West Antarctic Ice Sheet (Oppenheimer, 1998).

Finally, we have tried to characterize possible future changes in annual or
seasonal mean climate. No information has been provided on possible changes
in climatic variability or on changes in the frequency of extreme weather events.
There is still considerable uncertainty surrounding estimates of future climatic
variability at different time scales, and a comprehensive analysis of GCM results
has yet to be completed and is well beyond the scope of this document. Howev-
er, it is recognised that some of the most important impacts of future climate
change will be due to the altered frequency and magnitude of extreme weather
events rather than through slow changes in mean conditions.
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Work to develop storylines for a set of stabilization scenarios is currently being
co-ordinated by IPCC Working Group III. However, as yet there is no agreed set
of scenarios. Furthermore, although a number of climate model simulations of
the effects of CO, stabilization (at different concentrations) on climate have been
carried out, these have not been co-ordinated and differ in their underlying as-
sumptions about the timing and level of stabilization. Finally, there have been
few studies to assess the impacts of and adaptation to the climate changes result-
ing from a stabilization of greenhouse gas concentrations. For these reasons, we
can offer only qualitative information about the possible implications of stabili-
zation for climate and sea-level rise, comparing these to the range of SRES sce-
nario outcomes.

Some reatures o7 stai M’,,//j’":':w.' 1TION SCel¢ Irios

Some of the issues facing scientists treating the stabilization question include:

e CO,-only or CO,-equivalent? One key question concerns whether studies of
stabilization should focus on CO, concentration alone, or on a basket of
greenhouse gases together, which are commonly expressed in terms of
equivalent CO, concentration. The effects of greenhouse gases are addi-
tive, so stabilization of CO, concentration at any level above about 500
ppmv is likely to lead to at least a doubling of pre-industrial CO, concen-
tration in equivalent concentration terms, approximately 560 ppmv
(Schimel ef al., 1997). Hence, stabilization of CO, at 550 ppmv is likely to
be a less demanding target than stabilization at 550 ppmv CO,-equivalent
over the same time frame.

o Interpreting stabilization storylines. A given emissions profile leading to sta-
bilization might be explained by many alternative storylines describing
the driving factors and policies required to obtain stabilization. Some
plausible storylines leading to stabilization might require very little, if any,
direct policy intervention (e.g. the SRES98 B1 scenario - see Section 2).
Moreover, it is important to recognise that alternative storylines will have
different socio-economic assumptions that will affect the vulnerability of
communities to climate change.

o The timing of stabilization. Emissions profiles leading to stabilization at con-
centrations ranging from 350 ppmv to 1000 ppmv have been evaluated by
Schimel et al. (1997). Stabilization of concentrations is achieved by 2100
only for the most stringent targets, below about 550 ppmv. Otherwise, it is
achieved during the 22nd or 23rd centuries for levels of up to 1000 ppmv.

o The climate response to stabilization pre- and post-2100. Simple global models,

including the MAGICC models used in this exercise, have been used to

explore the global temperature and sea-level implications up to 2100 of
different stabilization profiles (Schimel ef al., 1997). Due to lags in the re-
sponse of the climate system to forcing, the climate will continue to warm
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for many decades following stabilization. Only for stabilization at 350
ppmv, in about 2040, do temperatures reach equilibrium before 2100.
However, sea-level continues to rise strongly under all scenarios. Further-
more, results from stabilization experiments simulated by GCMs suggest
that important non-linearities or reversals in the climate response could
occur several centuries after stabilization (e.g. Walsh ef al., 1999). These are
important results to consider, because the major focus of climate change
impact assessment in recent years has been on the period up to 2100,
whereas large and possibly non-linear climate changes may occur after
this time.

8.2 Comparison of stabilization scenarios and
SRES-based scenarios

Global mean temperature changes computed by MAGICC have been reported in
Schimel et al. (1997) for the 450 and 650 ppmv cases across the same range of
climate sensitivies as expressed in the SRES-based Bl-low and A2-high scenarios
(see Table 7). The 650 ppmv case with a 1.5°C climate sensitivity produces slight-
ly less warming by 2100 than the B1-low scenario; for higher sensitivities, the 650
ppmv scenarios fall within the range of temperature changes estimated for the
SRES-based scenarios. In contrast, the temperature response to 450 ppmv stabili-
zation only achieves a warming as high as the SRES-based range with a 4.5°C
climate sensitivity.

Researchers at the Hadley Centre have conducted 550 and 750 ppmv (CO,-
equivalent) stabilization runs with the HadCM2 AOGCM (see Web site at: http:/
/www.cru.uea.ac.uk:80/link/res_scens/HadCM2_time.html). The global mean
annual temperature reaches equilibrium by about 2150 under the 550 ppmv run,
with warming by 2100 of about 1.7°C relative to 1961-1990, placing this within
the SRES-based range (Table 7). Visual inspection of mean annual temperature
changes relative to 1961-1990 on global maps for both simulations by the 2080s
places regional temperature changes within the range of SRES-based estimates
displayed in Table 7. Similar results have also been reported for a 550 ppmv sta-
bilization run with the Climate System Model of the National Center of Atmos-
pheric Research, USA (see Web site at: http:/ / www.cgd.ucaredu/~tls/CSM/
tables.html#tbl2)

More GCM stabilization runs for a wider range of scenarios will be con-
ducted during the next few years, but these initial investigations suggest that
only the strictest emissions reductions, resulting in CO,-equivalent stabilization
below about 500 ppmv by the end of the 21st century, will result in global warm-
ing by 2100 that is lower than under the Bl-low scenario.
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Appendix /1
Appendix A: Global Maps Of Annual And Seasonal Temperature L

And Precipitation Change Under The Four SRES-Based Scenarios

Figures AI-A10. The Bl-low characterization of temperature and precipitation change rela-
tive to 1961-1990. Each figure shows maps for the 2020s (top), 2050s (middle) and 2080s
(bottom). The left hand panel shows median changes from 10 GCM simulations. The right
hand panel shows the range of GCM results. Temperature changes (°C) are shown in Fig-
ures Al-A5; precipitation changes (percent) in Figures A6-A10. Consecutive figures show
annual and seasonal (December-February, March-May, June-August and September-Novem-
ber) mean changes.
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Appendix A/2

B1-low, DJF Temperature
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Appendix A/4

B1-low, JJA Temperature
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Appendix A/S

B1-low, SON Temperature
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Appendix A/6

B1-low, Annual Precipitation

Median Range
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
80N 80N
60N 60N
40N 40N
20N ) : 20N
',) \
8 i EQ
=] e
(3] 208
408 408
60S 60S
80S 80S
80N i 80N
60N 60N
40N : 40N
20N 20N
7}
a2 EQ jgms vy EQ
o ) |
N 208 ) 208
408 408
60S 60S
80S o vy ¢ 80S
8oN [ = 80N
60N 60N
40N 2 40N
V 4 ;
& 20N . 3 \, o ol o 20N
b EQ | EQ
=] S
N 208 , 208
408 408
60S 60S
80S - y = . 80S
¢ - - w ™
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180180 150W 120W 90W 60W 30W 0 30E G60E 90E 120E 150E 180
Median of % changes Range of % changes
BT 7T T [ s [ [ [ [ T [ .
50 -30 20 -10 0 10 20 30 50 10 20 30 40 50 75 100

The Finnish Environment 433



2020s

2050s

2080s

180 150W 120W 90W 60W 30W 0

80N
60N
40N
20N

EQ
208
408
60S

808

80N

60N|

40N
20N

EQ
208
408
60S
808

60S
80S

B1-low, DJF Precipitation

Median

Range

30E 60E 90E 120E 150E 180180 150W 120W 90W 60W 30W 0 30E 60E 90E

Appendix A/

120E  150E 180

80N
60N
40N
20N
EQ

‘ 208
408
60S
808

80N
60N
40N
20N
EQ

208
408
60S
808

- R

180 150w 120W

90W 60W 30W 0

80N
60N
40N
20N
EQ

208
408
60S
80S

Median of % changes

30E 60E 90E 120E 150E 180180 150W 120W 90W 60W 30W 0 30E 60E 90E
Range of % changes

|

| M T

-50 -30

The Finnish Environment 433,

120E 150E 180

[ T .

20 -0 O 10 7 20 30 50 10 20 30

50 75 100



Appendix A/8
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Appendix A/10

B1-low, SON Precipitation
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Appendix A/I1

Figures Al 1-A20. The B2-mid characterization of temperature and precipitation change
relative to 1961-1990. Each figure shows maps for the 2020s (top), 2050s (middle) and
2080s (bottom). The left hand panel shows median changes from 10 GCM simulations.
The right hand panel shows the range of GCM results. Temperature changes (°C) are
shown in Figures Al I-Al5; precipitation changes (percent) in Figures Al6-A20. Consecu-
tive figures show annual and seasonal (December-February, March-May, June-August and
September- November) mean changes.
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Appendix A/12
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Appendix A/13

B2-mid, MAM Temperature
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Appendix A/14
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Appendix A/16

B2-mid, Annual Precipitation
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Appendix A/18
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Appendix A/19

B2-mid, JJA Precipitation
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Appendix A/20
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Figures A2[-A30. The Al-mid characterization of temperature and precipitation change Appendic A1
relative to 1961-1990. Each figure shows maps for the 2020s (top), 2050s (middle) and

2080s (bottom). The left hand panel shows median changes from 10 GCM simulations.

The right hand panel shows the range of GCM results. Temperature changes (°C) are

shown in Figures A21-A25; precipitation changes (percent) in Figures A26-A30. Consecu-

tive figures show annual and seasonal (December-February, March-May, June-August and

September-November) mean changes.
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Appendix A/22

A1-mid, DJF Temperature
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Range
150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180

80N
60N
40N
20N’
EQ

20S
408
60S

80S

80N
60N
40N
20N
EQ

208
408

60S
— g 80S

80N
60N
40N
20N
EQ

208
408

60S

1 - " “s0s

150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180




Appendix A/24

A1-mid, JUA Temperature
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Appendix A/26
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Appendix
Figures A31-A40. The A2-high characterization of temperature and precipitation change PRIIEE
relative to 1961-1990. Each figure shows maps for the 2020s (top), 2050s (middle) and
2080s (bottom). The left hand panel shows median changes from 10 GCM simulations.
The right hand panel shows the range of GCM results. Temperature changes (°C) are
shown in Figures A31-A35; precipitation changes (percent) in Figures A36-A40. Consecu-
tive figures show annual and seasonal (December-February, March-May, June-August and
September-November) mean changes.
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A2-high, JJA Precipitation
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A2-high, SON Precipitation
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Appendix B: Regional Scatter Plots of Seasonal Temperature and
Precipitation Change under the Four SRES-Based Scenarios

Scatter plots for the thirty two world regions listed in Table 10 are shown in Fig-
ures B1-B32. Characterizations are presented for three 30-year time periods in
the future relative to the 1961-1990 baseline centred on 2025, 2055 and 2085. Each
scatter plot depicts scaled outputs of mean seasonal temperature and precipita-
tion change over the grid boxes representing a region from each of the ten GCM
simulations (grid boxes differ between models). These simulations are described
further in Section 4. For a given time period, lines connect four points for each
GCM simulation. These are the standardized regional changes in climate from
the GCM, linearly scaled according to the global warming from each of the four
SRES-based scenarios (see Figure Bi). Note that the order of the points along a
line is the same for all plots. Moreover, since linear scaling has been applied to
the same pattern of change for all time periods, the relative positions of different
lines remain invariant, extending outwards from the origin through time.

A2-high

Precipitation change

1400-year HadCM2
1000-year GFDL| control run (natural
control run (natutal variability: +1 and 2 SD).
variability: +1 ang 2 SD)

Temperature change

Figure Bi. Main features of the scatter plots

Also plotted are the +1 and +2 standard deviation (denoted as std in the
Figures) limits of overlapping 30-year mean anomalies® relative to the long-term
mean from two unforced simulations: the 1400-year HadCM2 and the 1000-year
GFDL unforced simulations. These are plotted as ellipses (explained below) and
are used to indicate natural multi-decadal variability (MDV) unforced by green-
house gas concentration changes or any other forcing factor external to the cli-
mate system. The significance of the scenario changes in climate can be inter-
preted relative to these model-based limits, if we assume that they provide a
reasonable representation of natural climate variability. Recent comparisons be-
tween the HadCM2 unforced simulation and palaeoclimatic reconstructions of
climatic variability during the past millennium (Jones et al., 1998; Hulme et al.,
1999) provide some support for this assumption.

5 Note that results are similar when using non-overlapping 30-year anomalies
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Appendix B/2

The length of the lines indicates the range of uncertainty in the magnitude
of change brought about by the SRES-based scenario assumptions of different
emissions trajectories and climate sensitivity. The spread of different lines on
each plot indicates the extent of between-model (or intra-ensemble) disagree-
ment across this sample of GCM outputs.

The ellipses have been calculated by assuming that the distributions of 30-
year mean temperature and 30-year mean precipitation in the unforced simula-
tions are normally distributed. In addition, recognising that modelled tempera-
tures and precipitation are correlated in some seasons and regions, the ellipses
are also elongated in the direction of the correlation. There is good agreement
between the GFDL and HadCM2 ellipses in the majority of the regional plots
presented in Figures B1-B32, although there are some regional cases that show
large differences in magnitude in dry seasons (e.g. Figure B15: DJE, MAM and
SON over the Sahara; Figure B25: MAM, JJA and SON over northern Australia)
or differences in the sign of the correlation (e.g. Figure B16: DJF over West Africa).

Figure Bii illustrates the full elliptical distribution for the northern Asia re-
gion in winter based on the GFDL unforced simulation. The idealized joint nor-
mal distribution is shown as a three-dimensional surface. The individual 30-
year mean modelled temperature and precipitation anomalies are plotted as points
projected onto the idealized surface. In this case, the distribution of 30-year val-
ues is slightly skewed towards positive temperature and precipitation anoma-
lies, with a longer tail towards negative anomalies. The orientation of the ellipse
indicates a fairly strong positive correlation between modelled 30-year mean
winter temperatures and precipitation under unforced conditions in this region,
which is consistent with the observation that warmer winters tend to be associat-
ed with higher precipitation.

Frequency

Precipitation anomaly [%]
o

N

Temperature anomaly [°C]

Figure Bii. Modelled multi-decadal variability of winter (DJF) temperature and precipitation
in northern Asia using the GFDL 1000-year unforced simulation. The surface is an idealized
joint normal distribution fitted to overlapping 30-year mean temperature and precipitation
anomalies relative to the 1000-year mean. Original data points are shown as dots projected
onto the idealized surface. The ellipse is orientated in the direction of the correlation be-
tween temperature and precipitation.
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Appendix B/3
Figures BI1-B32. Scatter plots showing seasonal temperature and precipitation change by

the 2020s (top), 2050s (middle) and 2080s (bottom) relative to 196 1-1990 under the four
SRES-based scenarios for 32 world regions (cf. Table 10 and Figure 6). Also shown (as el-
lipses) is ‘natural” multi-decadal variability as simulated by the GFDL and HadCM2 GCMs.
There are two pages of graphs per Figure and region and three graphs per season: Decem-
ber to February (first page, left), March-May (first page, right), June-August (second page,
left) and September-November (second page, right).
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Figure BI. Arctic/land - December-February and March-May
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Figure B2. Arctic/ocean - December-February and March-May
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Figure B20. Central Asia - June-August and September-November
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Figure B32. South Pacific - December-February and March-May
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Appendix (/I
Appendix C: Regional Climatic Effects Of Sulphate Aerosols
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Figure CI. Modelled mean annual temperature response to sulphate aerosols (direct effect, °C) relative to 1961-1990
under the preliminary SRES Bl marker scenario assuming a 1.5°C climate sensitivity (BI-low - left panel) and the pre-
liminary SRES B2 marker scenario with a 2.5°C climate sensitivity (B2-mid - right panel). GCM patterns are scaled re-
gionally using the method described by Schlesinger et al. (1999).
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Figure C2. Modelled mean annual temperature response to sulphate aerosols (direct effect, °C) relative to 1961-1990
under the preliminary SRES Al marker scenario assuming a 2.5°C climate sensitivity (Al-mid - left panel) and the pre-
liminary SRES A2 marker scenario with a 4.5°C climate sensitivity (A2-high - right panel). GCM patterns are scaled re-
gionally using the method described by Schlesinger et al. (1999).
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