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Causes of Climate Change Over the Past 1000 Years
Thomas J. Crowley

Recent reconstructions of Morthern Hemisphere temperatures and climate forcing over the past 1000 years allow the
warming of the 20th century to be placed within a historical context and various mechanisms of climate change to be
tested. Comparisons of observations with simulations from an energy balance climate model indicate that as much as
41 to 64% of preanthropogenic (pre-1850) decadal-scale temperature variations was due to changes in solar
irradiance and volcanism. Femoval of the forced response from reconstructed temperature time series yields
residuals that show similar variahility to those of control runs of coupled models, thereby lending support to the
models’ value as estimates of low-frequency variability in the climate system. Removal of all forcing except
greenhouse gases from the ~1000-year time series results in a residual with a very large late-20th-century warming
that closely agrees with the response predicted from greenhouse gas forcing. The combination of a unique level of
temperature increase in the late 20th century and improved constraints on the role of natural varniability provides further
evidence that the greenhouse effect has already established itself above the level of natural variability in the climate
system. A 21st-century global warming projection far exceeds the natural vanability of the past 1000 years and is
greater than the best estimate of global temperature change for the last interglacial.
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Causes of Climate Change Over
the Past 1000 Years

Thomas ). Crowley

Recent reconstructions of Northern Hemisphere temperatures and climate
forcing over the past 1000 years allow the warming of the 20th century to be
placed within a historical context and various mechanisms of climate change
to be tested. Comparisons of abservations with simulations from an energy
balance climate modelindicate that as much as 41to 64% of preanthropogenic
( pre-1850) decadal-scale temperature variations was due to changes in solar
irradiance and velcanism. Removal of the forced response from reconstructed
temperature time series yields residuals that show similar variability to those
of control runs of coupled medels, thereby lending support to the models’value
as estimates of low-frequency variability in the climate system. Removal of all
forcing except greenhouse gases from the —1000-year time series results in a
residual with a very large late-20th-century warming that closely agrees with
the respense predicted from greenhouse gas forcing. The combination of a
unique level of temperature increase in the late 20th century and improved
constraints on the role of natural variability provides further evidence that the
greenhouse effect has already established itself above the level of natural
variability in the climate system. A 21st-century global warming projection far
exceeds the natural variability of the past 1000 years and is greater than the
best estimate of global temperature change for the last interglacial.

The origin of the late-20th-century increase
in global temperatures has prompted consid-
erable discussion. Detailed comparisons of
climate model results with observations (f)
suggest that anthropogenic changes. particu-
larly greenhouse gas (GHG) increases. are
probably responsible for this climate change.
However. there are a number of persistent
questions with respect to these conclusions
that invelve uncertainties in the level of low-
frequency unforced variability in the climate
svstem (2) and whether factors such as an

Department of Oceanography, Texas A% M University,
College Station, TX 77643, USA, E-mail: torowley &
oceantamu.edu

increase in solar irradiance or a reduction in
voleanism might account for a substantial
amount of the observed 20th-century wanming
(1. 3-i0). Although many smudies have ad-
dressed this issue from the palecclimate per-
spective of the past few centuries (3-f0). robust
conclusions have been hampered by inadequate
lengths of the time series being evaluated. Here
I show that the agreement between model re-
sults and ohservations for the past 1000 years is
sufficiently compelling to allow one to con-
clude that natural variability plays only a sub-
sidiary role in the 20th-century waming and
that the most parsimonious explanation for
most of the warming is that it is due to the
anthropogenic increase in GHG.

Data)
The data used in this study include physically
based reconstructions of Northern Hemi-
sphere temperatures and indices of wolca-
nism. solar variability. and changes in GHGs
and tropospheric aercsols.

Northern Hemisphere temperatures. Four
indices of millennial Northern Hemisphere
temperature have been produced over the past
3 years (/{-14). The analysis here uses the
mean annual temperature reconstructions of
Mann ef al. (§7) and of Crowley and Lowery
(CL)({2), because the energy balance model
used in this study caleulates only this term
[the other records (/3. /<) are estimates of
warm-season temperature at mid-high lati-
tudes]. The Mann e af. reconstruction was
determined (&) by first regressing an empiri-
cal orthogonal function analysis of 20th-cen-
tury mean annual temperatures against vari-
ous proxy indices (such as ee rings. corals,
and ice cores). Past changes in temperature
are estimated from variations in the proxv
data (/3. The Mann er @!. reconstruction has
a varving number of records per unit of time
(although the number in the earlier part of the
record is still greater than in CL). The CL
reconstruction is a more heterogeneous mix
of data than the Mann er @/. reconstruction,
but the number of records is nearly constant
in time. It is a simple composite of Northern
Hemisphere climate records and was scaled
(£2) to temperature using the instrumental
record (f6) in the overlap interval 1860
1965, The instrumental record was substitut-
ed for the proxy record after 1860 for two
reasons: (1) there were too few proxy data in
the CL time series after 1963 to reconstruct
temperatures for this interval, and (i) the
original CL  reconstruction indicated a
“warming” over the interval 18851925 that
is at variance with the instrumental record.
This difference has been attributed (77, /7)1 to

14 JULY 2000 VOL 289 SCIENCE  www sciencemag.org
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Fig. 6. Comparison of the GHG forcing response (from Fig. 3) with six residuals determined by
removing all forcing except GHG from the two different temperature reconstructions in Fig. 1. As
in Fig. 5, the three different estimates of solar variability were used to get one estimate of the
uncertainty in the response. This figure illustrates that GHG changes can explain the 20th-century
rise in the residuals; 2 standard deviation lines (horizontal dashed lines) refer to maximum
variability of residuals from Fig. 5A (inner dashes) and maximum variability (outer dashes) of the
original pre-1850 time series (Fig. 1). The projected 21st-century temperature increase (heavy
dashed line at right) uses the IPCC BAU scenario (the "so-called 1592a forcing”) for both GHG and
aerosols (sulfate and biomass burning, including indirect effects), and the model simulation was run
at the same sensitivity (2.0°C for a doubling of CO_) as other model simulations in this article. The
I592a scenario is from (59).
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Global-scale temperature patterns
and climate forcing over the past
six centuries

Michael E. Mann®*, Raymond 5. Bradley* & Malcolm K. Hughest
* Deparrment of Geascienees, Dniverasy of Magecdhusess, Amhers, Masecisess 010035320 UEA
T Labarrery af Tree Ring Ressarch, Dniversky of Anizans, Thises, Ankzom 35721, 54

Spatially resol ved glo b al reconsiructions of annual surfacete mgerature patterns over the past six centuries are based
on the nuiltivariate calibration of widely distribated high-res oltion proxy climate indicabors. Time-gdepend ent

correl ations of hereconstncions with time-series records representing changes in greenhouse -yas concentrations,
solarimadiance , and volcanic aeres ols sugpest that each of these factors has contribated to the clim ate variability of
the past 400 years, with greenhious e yases emeryging as the dominant forcing during the twentieth century. Northern
Hemisphere mean annual temgeratures for thre e of the past eight years are warmer than any other year since {atleast)

AD 14040,

Knewing both the spatial and temporal patterns of climate change
ower the past several centuries remains a key to assessing a possible
anthropogenic impact on post-industrial climate’. In addition. to
the possibility of warming due to increased concentrations of

nhouse gases during the past century there is evidence that
E:h solar irradiance and explosive volcanism have played an
impartant part in forcing climate variations over the past several
centuries?’, The urdorced “natural variability” of the climate system
may also be quite important on multidecadal amd century
timescales™, [Fa Faithful empirical description of cimate wariabilicy
could be obtained for the past several centuries, a more confident
estimation could be made of the roles of different external forcings
and internal sources of variability on past and recent climate.
Because widespread instrumental climate data are awailable For
anly about one century, we must use proxy climate indicators
combined with any very long instrumental records that are mvailable
to obtain such an empirical description of lrge-scale climate
variability during past centuries. A variety of studies hawe sought
to use a ‘multiprexy’ approach to understand long-term climate
variations by analying a widely distributed set of proxy and
instrumental climate indicators'* to yield insights into long-
term global climate variations. Building on such past studies, we
take a mew statistical approach to reconstructing global patterns of
annual temperature back to the beginning of the Aftesnth century,
based on the calibration of multiproxy data networks by the
d.nmii:l.nt patterns of temperature variability in the instrumental
Tecor

Using these statistically werifiable yearly global temiperarure
reconstructions, we analyse the spaticternporal patterns of climate
change cwer the past 300 years, and then take an empirical approach
to estimating the relitionship between global temperature changes,
variations in wokanic asrosols, solar irmdiance and greenhouse. gas
concentraticns during the same pericd.

Data

We use a muhtiproxy nenwork consisting of widely distributed high-
quality annual-resolution proxy climate indicators, individually
collected and formerly amalysed by many palasoclimare researchers
{details and referemces are available: see Supplementary Informa-
tion). The nenwark includes (Fig. la) the collection of annual-
rezolution dendroclimatic, ice core, jce melt. and dong histarical
records used by Bradley and Jones* combined with cther coral. ice
care, dendroclimatic, and long instrumental records. The long

NATURE|WOL x| 2v AFRIL 1390

Mulurs B Mecmilan Publinhem Lid 1008

instrumental records have been formed into anoual mean anoma-
lies relative to the 190280 reference pericd, and gridded onto a
% 5 grid fyielding 11 temperatare grid-point series and 12
precipitation grid- point series dating back to 1820 or earlier! similar
to that shoswn in Fig. Lb. Certain densely sampled regicnal den-
droclimatic data sets have been represented in the network by a
smaller number of leading principal components (typically 3-11
deperding on the spatial extert and size of the data set). This form
af representation ensures a reascnably bomogeneous spatial sam-
pling in the multiproxy network (112 indicators back to 1820],

Patential limitations specific to each type of proxy data series
must be carefully taken into account in builkding an appropriate
netwark. Dating erros in a given record (for example, incorrectly
assigned armual layers oo rings! are particularly detrimental if
mutwal informaticn is sought to deseribe climate patterns on a
year-by-year basis. Standardization of certain biclogical proxy
records relative to estimated growth trends, and the limits of
comstituent chronalogy ssgment lengths (for example, in dendra-
climatic reconstructions), can restrict the madmum timescale of
climate wriability that is recorded”, and onlya limited subset of the
indicatars in the multiproxy network may thus “anchor in' the
longest-term trends (for example, variations on timescales greater
than 500 years). However, the dendroclimatic data used were
carefully screened for conservative standardization and sizeable
segment Jengths, Moreover, the mutual information contained in
a diverse and widely distributed set of independent climate indica-
tars can more :I'ui.tbd{lll}'capb.l.re the consistent climate sigral that is
present, reducing the compromising effects of biases and weak-
nesses in the individual indicators,

Monthly instrumental bind aic and sea surface temperaturs"
grid-point data (Fig. 1b] from the pericd 1902-535 are used to
calibrate the proxy data set. Although there are notable spatial

5, this network covers significant enao tions of the ta

reliable estimates ofs!l\%nrtbem Hemu?_::ibj::r\e mean bempaeioal:.:e.

and certain regicnal indices of particular importance such as the

WINO3 eastern tropical Pacific surface temperature index cften

wsed to describe the El Nifo phencmenon. The NINO3 index is

constructed from the eight grid-points available within the con-
vertional MINO3 box (57 5 to 57 M, 90-150° W),

Nl tiproxy calibration
Although studies have shonen that well chosen regicnal palecclimate
reconstructions can act as surprisingly representative surrogates far
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Como produzo
conhecimento novo?



A e

Formas de Producao de

Conhecimento
Deducao
Simulacao
Observacao
Experimentacao

Pesquisa de Opiniao



Deducao

Ultimo teorema de Fermat (ou Teorema de Fermat-Wiles)

Nao existe nenhum conjunto de inteiros positivos z, y, z € n com n maior que 2 que
satisfaca

Demonstram-se certas assergoes dadas premissas (axiomas) estabelecendo-as como

Teoremas (afirmagoes verdadeiras demonstradas como verdadeiras).




Theoretical and Computational Biophysics Group
Beckman Institute
University of Illinois at Urbana-Champaign

Dado o conhecimento dos mecanismos, calculam-se as
consequéncias em cendrios complexos demais para a deducao

direta.



Observacao

_—

Star + Planet Planet

Planet Spectrum

Isolating a Planet’s Spectrum

Planetas Extra-solares

Observacoes revelam aspectos ainda desconhecidos da

realidade, rejeitam ou sustentam teorias conhecidas.



Experimentacao

Larger Hadron Collider (LHC)
Clonagem

Experimentos sao produzidos para testar teorias especificas



Pesquisa de Opiniao

Utilizando instrumentos que podem ser quantitativos ou
qualitativos procura-se acessar a opiniao de pessoas sobre

Um determinado assunto.



Onde a pesquisa é realizada?



Pesquisa no Brasil: Onde estao os pesquisadores

Distribuicdo de pesquisadores em equivaléncia de tempo integral, por
setores institucionais, de paises selecionados, nos anos mais recentes
disponiveis (em percentual)

Setores
Paises Anos | Ensino
Governo | Empresas .
superior
Alemanha 2001 14,6 59,7 25,7
Argentina 2002 37,6 11,3 49,3
Australia 2000 13,6 24,4 59,8
Brasil 2000 7,9 26,7 64,7
Canada 1999 8,2 54,5 36,6
China 2002 23,3 54,7 22,0
Coréia 2001 8,8 73,5 16,9
Espanha 2001 16,7 23,7 58,6
Estados Unidos da América 1999 3,8 80,5 14,7
Franca 2001 12,9 49,9 35,2
Italia 2000 21,7 39,5 38,9
Japao 2001 5,0 63,7 29,6
México 1999 34,5 16,2 48,7
Portugal 2001 20,6 15,4 50,4
Reino Unido 1998 9,1 57,9 31,1
Cingapura 2002 7,2 50,8 42,0
Ruissia 2002 29,6 56,0 14,1

Fonte: Organisation for Economic Co-operation and Development, Main Science and Technology

Indicators, November 2003 e Brasil: para empresas: Pesquisa Industrial de Inovacdo Tecnologica (Pintec) -
2000, do Instituto Brasileire de Geografia e Estatistica (IBGE); para estudantes de doutorado: Fundacao
Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (Capes); e, para o restante: Diretdrio dos
Grupos de Pesquisa no Brasil (DGP), Censo 2000, da Assessoria de Estatistica e Informacao (AEL), do
Conselho Macional de Desenvolvimento Cientifico e Tecnoldgico (CNPq).



Pesquisa no Brasil: Investimento/PIB

Argentina (4]
Mexico [1]
Portugal [4)
Ezpanha (3]
Brazil (2]

Italia (2]
Russia (4]
China [4)
Australia (2]
Canada [4)
Reina Unido [3)
Cingapura [4)
Franca [4)
Aemanha (4]
Estados Unidos da América [4)
Coréia [3)
Japdo (3]
Izrael (4)

0,39
0,43
0,93
0,96
1,00
1,07
1,74
17
1,55
1,82
1,59
219
2,20
2,51
2,67
292

208

0,50 1,00 1,50 2,00 2,50 300 2,50 4, 00
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(Fonte: MCT 2001)



Pesquisa no

Faoldnia 1,38
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Pesquisa no Brasil: Inovacao
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Como as pesquisas sao
financiadas?



Pesquisa no Brasil: Onde estd o investimento?

Dispéndios nacionais em pesquisa e desenvolvimento (P&D), ptiblicos e privados, por

setor de execucdo, paises selecionados, em anos mais recentes disponiveis (em
percentual)
Ensino Privado sem
Paises Anos Governo | Empresas suﬁerinr fins
lucrativos
Alemanha 2003 13,4 69,8 16,8 0,64
Argentina 2003 41,1 29,0 27,4 2,5
Australia 2002 20,3 48,8 28,0 2,9
Brasil 2000 18,4 37,4 43,6 0,6
Canada 2004 10,5 51,2 38,1 0,3
China 2003 27,1 62,4 10,5
Coréia 2003 12,6 76,1 10,1 1,2
Espanha 2003 15,4 54,1 30,3 0,2
Estados Unidos da América 2003 9,0 68,9 16,8 5,3
Franca 2003 17,1 62,3 19,3 1,4
Japdo 2003 9,3 75,0 13,7 2,1
México 2001 39,1 30,3 30,4 0,2
Portugal 2002 20,7 31,8 36,7 10,8
Russia 2003 25,3 68,4 6,1 0,2

Fonte: Organisation for Economic Co-operation and Development, Main Science and Technology Indicators, 2005/1 e Brasil:
Sistema Integrado de Administrac3o Financeira do Governo Federal (Siafi). Extrac3o especial realizada pelo Servico Federal
de Processamento de Dados (Serpro) e Pesquisa Industrial de Inovagdo Tecnoldgica (Pintec) do Instituto Brasileiro de
Geografia e Estatistica (IBGE) - 2000 e 2003.

Elaboracdo: Coordenacdo-Geral de Indicadores - Ministério da Ciéncia e Tecnologia.
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Como funciona a carreira
académica’



Sec 17
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Sec 18

Sec 19

Sec 20

°®
Sec 21

Genealogia de Orientacao Académica
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Etapas na Carreira Académica

1. Graduacdo: Introducao as praticas académicas e a conhecimentos especificos basicos.

2. Especializacao: Topicos avangados em um assunto restrito. Normalmente encerrada com
uma monografia aprofundando ainda mais um topico restrito, mas sem contribuicoes
originais.

3. Mestrado Lato Sensu: Tépicos avancados em uma area mais geral (lato sensu=em
sentido amplo). Encerrada com uma monografia em algum topico mais restrito, mas sem
contribuicdes originais.

4. Mestrado Strictu Sensu: Iniciacdo a producao de pesquisa original em um tépico
especifico (strictu sensu= em sentido restrito), fazendo a transi¢éo entre a graduacéo e o
doutorado. Encerrada com uma dissertacdo gue normalmente contem uma visao critica e
pequenas expansdes sobre o conhecimento atual.

5. Doutorado: Trabalho de pesquisa envolvendo necessariamente a producéo de
conhecimento novo. Encerrada com uma tese que deve ser defendida frente a uma banca
de pares.

*Etapas ndo-obrigatorias



Etapas na Carreira Académica

6. Estagio Pos-Doutorado: Etapa dedicada ao amadurecimento como pesquisador pelo
desenvolvimento de linhas de pesquisa bem definidas. N&o se trata de um titulo académico

7. Professor Doutor: Primeira etapa na carreira de um pesquisador académico. Nessa fase
consolida-se uma linha de pesquisa préopria divulgada através de publicacdes e da orientacédo
de alunos.

8. Professor Associado (Livre docéncia): Atestado de amadurecimento na carreira
académica. O titulo pode ser pleiteado por detentores de um doutorado. Envolve uma tese
que é julgada por pares que ja detém o titulo de livre-docente. Geralmente os candidatos a
este titulo ja possuem a posicdo de Prof. Dr., mas isso ndo € uma exigéncia formal.

9. Professor Titular: Titulo proferido a livre-docentes que demonstraram ao longo de sua
carreira alto grau de lideranca cientifica. Envolve um concurso competitivo no qual séo
analisados os memoriais (documento biografico) dos candidatos e seu grau de erudicdo na
area do concurso.

*Etapas ndo-obrigatorias
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