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Resumo

Uma das consequéncias esperadas para 0 aquecimento global é mudancas na
distribuicéo e estrutura da vegetacdo. Poucos estudos avaliaram o comportamento dinamico
da vegetacdo tropical num cenério de CO, elevado, e estes poucos encontraram resultados
contraditérios para a vegetacdo da América do Sul. Uma das possiveis explicacdes para esses
resultados conflitantes séo os diferentes padrdes de temperatura da superficie do mar (TSM)
usados nas simulac@es. Esta tese examina as mudancas na estrutura da vegetacdo na América
do Sul em funcéo de diferentes cenérios de clima para a primeira metade do século XXI, em
particular considerando diferentes padrbes de TSM. Neste estudo foram realizados
experimentos climaticos usando um modelo acoplado de clima-vegetacdo para o cenario A2
do IPCC, com dez diferentes padrbes de TSM. Inicialmente, observa-se que as diferentes
previsdes para a TSM para a primeira metade do século XXI aumentam a incerteza associada
com as previsdes futuras da distribuicdo dos principais ecossistemas da América do Sul. A
incerteza na capacidade de prever os padrbes de vegetacdo futuro aumenta de tal forma que a
simulacdo até 2050 ndo é capaz de prever com robustez a cobertura vegetal de uma area
equivalente a 28% da América do Sul (5 x 10° km?). Os resultados mostram que a
variabilidade espaco-temporal da TSM exerce uma forte influéncia sobre a dindmica da
vegetacdo, havendo uma consideravel variacdo na dire¢cdo e magnitude dos efeitos da TSM
em diferentes regides na América do Sul. Além disso, as simulagdes mostram que certos
padrbes de TSM para 2011-2050 podem ocasionar a diminuicao das areas de floresta tropical
e savana, e que essas areas serao ocupadas principalmente por floresta decidua. Assim, 0 uso
de diferentes padrées de TSM nos modelos acoplados clima-vegetacdo é extremamente

importante para melhores projecdes futuras da cobertura vegetal.
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Abstract

One of the expected consequences of global warming is change in the distribution and
structure of vegetation. Few studies have evaluated the dynamic behavior of tropical
vegetation against a backdrop of elevated CO,, with mixed results for the vegetation in South
America. One possibility to explain the opposite results are different patterns of sea surface
temperature (SST) used in the simulations. This thesis determines the changes in vegetation
structure in South America caused by different climate scenarios for the first half of the 21th
century, especially considering the different patterns of SST. In this study were climate
experiments using a coupled climate-vegetation model for the A2 IPCC scenario, with ten
different patterns of the SST. Initially, it is demonstrated how different predictions for SST
for the first half of 21th century increase the uncertainty associated with forecasts of the future
distribution of major ecosystems in South America. The increasing uncertainty in the ability
to forecast future vegetation patterns is such that by 2050 it is unable to robustly forecast the
vegetation cover in an area equivalent to 28% in South America (5x10° km2). The results
show that the spatial-temporal variability in SST exerts a strong influence over the vegetation
dynamics, there considerable variation in the direction and magnitude of SST effects in
different South American regions. However, the simulations for 2011-2050 show that certain
patterns of SST are likely to decrease the tropical evergreen rainforest and savanna, and that
these areas will be occupied mainly by tropical seasonal rainforest. Thus, the use of different
SST patterns in coupled climate-vegetation models is clearly important for improving

projections of future vegetation cover in this region.
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Introducéo Geral

Atualmente, uma das preocupacbes mais criticas da humanidade refere-se as
mudancas climaticas futuras. O Painel Intergovernamental sobre Mudanc¢a do Clima (IPCC,
2007) estima que a temperatura média da superficie global aumentou 0,74°C + 0,18°C, nos
ultimos 100 anos (1906-2005). A taxa de aquecimento nos Gltimos 50 anos foi quase o dobro
da taxa observada nos altimos 100 anos (0,13°C + 0,03°C contra 0,07 + 0,02°C por déecada)
(Trenberth et al., 2007). A maior parte do aumento observado nas temperaturas médias
globais desde meados do século XX se deve, provavelmente, ao aumento nas concentracdes
de gases do efeito estufa antropogénico (Hegerl et al., 2007). O maior aumento na queima de
combustiveis fosseis aconteceu nas ultimas décadas, e dez dos dez anos mais quentes ja
registrados ocorreram depois de 1990 (Mokhov et al., 2002). De todas as partes do mundo,
governos e comunidades de cientistas expressam preocupacdes e dedicam atencdo a este
fendmeno, o aquecimento global, que pode ter como consequéncias: fortes ondas de calor;
intensificacdo do volume e frequéncia das precipitacdes em algumas partes do globo e secas
em outras; intensificacbes dos ciclones tropicais, tufdes e furacdes; aumento do nivel do mar;
alteragbes na produtividade das culturas; e até mesmo as florestas mais remotas e
aparentemente intocadas podem ser afetadas pelo aquecimento global.

A vegetacdo é o espelho do clima, com o qual interage de maneira bidirecional (Foley
et al., 2000). Assim, € esperado que mudancas no clima afetem a distribuicdo e estrutura da
vegetacdo, que por sua vez retroalimentam a circulacdo atmosférica, provocando alteracdes
climaticas adicionais.

Além do efeito radiativo das moléculas de CO, na atmosfera (efeito estufa), alguns
estudos verificaram a existéncia de dois outros efeitos do CO; sobre a vegetacdo e o clima: o
acréscimo da concentracdo de CO, atmosférico pode estimular a fotossintese liquida,
aumentar a eficiéncia do uso da agua na maioria das plantas (Polley et al., 1993; Field et al.,
1995; Curtis, 1996; Sellers et al., 1997) — chamada de efeito fisiologico do CO, — e modificar
a composicao e estrutura dos ecossistemas — chamado de efeito estrutural, ou ecoldgico do
CO, (Betts et al., 1997). Até o momento, os cenarios do IPCC consideraram uma vegetacéo
fixa, isto €, ndo avaliaram nem os efeitos fisioldgicos nem os estruturais da elevagdo do CO; e

da mudanca climatica na vegetagdo, nem as retroalimentagdes decorrentes.



Mesmo se tratando de estudos de alta relevancia, até 0 momento poucos experimentos
avaliaram o comportamento dindmico da vegetacdo tropical num cenério de CO, elevado,
considerando tanto os efeitos radiativos, como os fisioldgicos e ecoldgicos. No primeiro
desses estudos, Levis et al. (2000) usaram o0 modelo climatico NCAR GENESIS 2.0 acoplado
ao modelo de dindmica de vegetacdo IBIS 2.0. Para a regido tropical, suas simulagoes
demonstraram que o aumento de CO; foi acompanhado de aumento na cobertura vegetal,
dando inicio a uma retroalimentacdo através do ciclo hidrologico, que levou a um acréscimo
na precipitacdo e da umidade dos solos. Por outro lado, os estudos de Cox et al. (2000, 2004)
e Betts et al. (2004) examinaram os efeitos de um cenério de CO, elevado no sistema
climético, usando o modelo HadCM3, e encontraram forte reducdo na precipitacdo sobre a
Amazonia, aparentemente devido aos efeitos radiativos do aumento do CO,, provocando a
morte da floresta Amazdnica e como consequéncia uma diminuicdo ainda maior da
precipitacao.

Uma das possibilidades para explicar os resultados opostos de Levis et al. (2000) e
Cox et al. (2000) séo os diferentes padrdes de temperatura da superficie do mar (TSM) usados
nas duas simulac@es, uma vez que o clima da América do Sul é fortemente dependente dos
padrées de TSM do Pacifico e do Atlantico (Nobre e Shukla, 1996; Diaz et al., 1998; Grimm
et al., 2000; Haylock et al., 2006). De acordo com Fu et al. (2001), a sazonalidade da TSM no
Pacifico e Atlantico Tropicais tem grande influéncia na precipitacdo no Leste da Amazonia
durante os equindcios, que sdo controladas pela zona de convergéncia intertropical (ITCZ) e
por ondas de Rossby. Esses processos sdo amplificados pelos ciclos sazonais da TSM. A TSM
afeta bem menos a precipitacdo Amazo6nica durante os solsticios e tem pouca influéncia na
regido Oeste da Amazodnia. Outra evidéncia dos impactos da TSM no clima regional também
pode ser vista durante os eventos de El Nifio — Oscilacdo Sul (ENSO) (Grimm et al., 2000),
Oscilacdo Decadal do Pacifico (PDO) (Andreoli e Kayano, 2005) e Oscilacdo Multidecadal
do Atlantico (AMO), que tem sido associada com a variabilidade das anomalias climéticas na
América do Sul.

A geracdo atual de modelos climaticos acoplados oceano-atmosfera apresenta
diferentes padrbes da TSM para 0s tropicos, mesmo quando executados para um mesmo
cenario de CO, (Barsugli et al., 2006). A ligagdo entre a TSM e o clima regional tem
potencial para aumentar dramaticamente a incerteza das previsfes de cobertura da vegetacao.
Incertezas nas proje¢fes dos modelos climaticos sdo muitas vezes caracterizados por
conhecimento incompleto dos fatores externos que influenciam o sistema climético (forcantes

— cenarios incertos), diferentes codificacfes nas formulagcdes numéricas e fisicas dos modelos



(diferentes respostas dos modelos), e variabilidade natural do sistema climético (variabilidade
interna do modelo) (Hawkins e Sutton, 2009; Tebaldi e Knutti, 2007). Caracterizagéo e
quantificacdo da incerteza nas projecdes de mudancas climéaticas sdo de fundamental
importancia ndo sé para fins de deteccdo e atribuicdo, mas também por razdes estratégicas
para adaptacédo e mitigacao.

Tais mudangas climéticas terdo efeitos em cadeia sobre a vegetagdo. Por exemplo,
quando Jiang et al. (2011) forcaram um modelo acoplado clima-vegetacdo por padrdes de
gelo oceénico e TSM futuro (projetado com 17 modelos de circulacdo geral de oceano-
atmosfera que participam do quarto relatério de avaliacdo do IPCC, e pelas concentracoes
atmosférica do CO, no cenario de emissfes A2), a vegetacdo € prevista para se tornar mais
densa (em termos do aumento da média global do indice da area foliar). Embora os estudos
citados acima ja investigaram os efeitos de retroalimentacdo da vegetacdo sobre aquecimento
global, eles ndo levam em consideracdo o comportamento da vegetacdo em relacdo a
variabilidade da TSM ou estdo limitados a determinadas regides da América do Sul, e que
deve ser estudado mais profundamente, devido tanto a sua importancia cientifica quanto as

suas potenciais aplicacdes para a sociedade.



Objetivos

Considerando o exposto, o0 objetivo geral desta tese é determinar mudangas na
estrutura da vegetacdo na América do Sul em funcdo de diferentes cenarios de clima para a
primeira metade do século XXI, em particular considerando diferentes padrbes de temperatura
da superficie do mar.

Para isso, é preciso atingir os seguintes objetivos especificos:

Validar o modelo climatico, utilizando banco de dados histéricos.

Quantificar a incerteza nas previsdes da vegetacdo para América do Sul causada por

diferentes padrdes de TSM.

Avaliar a influéncia da variabilidade espaco-temporal da TSM sobre a dindmica da
vegetacdo na Ameérica do Sul, em cenario de aquecimento global.

Investigar os impactos da TSM sobre a vegetagdo na Amazonia.
Hipotese a ser testada: Diferentes padroes de TSM do Pacifico e do Atlantico tém
papel fundamental na definicdo da cobertura vegetal na América do Sul, em cenéarios de
aquecimento global.

Além desta Introducdo Geral, esta tese tem trés capitulos principais (que sao
apresentados no formato de artigo cientifico, e um capitulo de Conclusdo (Sintese). O
primeiro capitulo demonstra como as diferentes previsées de TSM para a primeira metade do
século XXI aumentam a incerteza associada com as previsdes da distribuicdo futura dos
maiores ecossistema na América do Sul. O segundo capitulo investiga como a vegetacdo na
América do Sul responde aos padrdes futuros da TSM do Pacifico e Atlantico, sob
aquecimento global e cenario de ndo aquecimento. O terceiro capitulo produz previsdes para
a cobertura vegetal na regido da Amazobnia, sob condi¢cGes de aquecimento global e os
relaciona a diferentes padrdes de TSM. Finalmente, a Conclusdo discute os principais

resultados de todos os capitulos e apresenta sugestdes para pesquisas futuras.



Capitulo 1

Pereira, M.P.S. and Costa, M.H. Vegetation
patterns in South America associated with
rising CO;: uncertainties related to sea
surface temperatures. Submitted manuscript

to Climatic Change, in review.

Abstract Spatially precise forecasts of the impacts of climate change on the distribution of
major vegetation types are essential for the implementation of effective conservation and land
use policy. However, existing studies frequently omit major sources of climate variability that
can significantly increase the uncertainty of projections. In this study we demonstrate how
different predictions for sea surface temperature (SST) for the first half of 21" century
increase the uncertainty associated with forecasts of the future distribution of major
ecosystems in South America. This is demonstrated through a numerical experiment using a
coupled climate-vegetation model (CCM3-IBIS) for IPCC emission scenario A2 that
incorporates the SST data from ten different models. The study reveals an increasing
uncertainty in the ability to forecast future vegetation patterns, such that by 2050 the
simulation is unable to robustly forecast the vegetation cover in an area equivalent to 28% in
South America (5x10° km?). The future of the central and northeastern regions of Brazil is
especially uncertain, with outcomes, ranging from savanna, and open shrubland to
grassland. Recognizing and managing such uncertainty should be a priority for decision

makers.

Keywords: Vegetation dynamics; Climate change; climate models; ocean-atmosphere-

biosphere interaction;
1 Introduction
Patterns of natural vegetation are determined by a combination of temperature, rainfall, solar

radiation, soil conditions and CO, concentration (Woodward and Kelly 2004). Thus, changes

in climate due to rising CO, will affect the distribution and structure of vegetation, which in



turn feedback on atmospheric circulation, causing further climate change. In addition to rising
temperatures CO, may have at least two additional effects on vegetation: (1) A physiological
effect whereby the increase in atmospheric CO, concentration stimulates net photosynthesis,
thereby increasing water use efficiency of most plants (Field et al. 1995; Sellers et al. 1996);
(2) A structural effect whereby changes in plant physiology alters the composition and
structure of ecosystems (Betts et al. 1997).

Despite the dynamic nature of vegetation-climate interactions, the standard scenarios
of Intergovernmental Panel on Climate Change (IPCC) consider vegetation to be “fixed”, in
the sense that neither the structural nor physiological effects are evaluated. However,
incorporating such information into global climate models is not straightforward. Studies on
the response of tropical vegetation elevated CO, have produced conflicting results. For
example, Levis et al. (2000) simulated the interactions between radiative forcing,
physiological effects, and vegetation cover at a global level using the NCAR GENESIS 2.0
climate model coupled to the vegetation dynamics model IBIS 2.0. For the tropical region, the
simulations indicated that an increase in CO; is accompanied by an increase in vegetation
cover. This process initiated a feedback loop through the hydrological cycle, leading to an
increase in precipitation and soil moisture. In contrast, studies by Cox et al. (2000, 2004) and
Betts et al. (2004) using the HadCM3 model suggest that the Amazon region will suffer a
significant decline in rainfall leading to the rapid loss of rainforest and, as a consequence, a
further decrease in rainfall.

The contrasting results may be due to different patterns of sea surface temperature
(SST) used by the simulations since the South American climate is strongly dependent on the
patterns of SST in the Pacific and Atlantic (Nobre and Shukla 1996; Diaz et al. 1998; Grimm
et al. 2000; Haylock et al. 2006). According to Fu et al. (2001), the seasonality of SST in the
Tropical Pacific and Atlantic has a major influence on precipitation in eastern Amazonia
during equinoxes. The eastern part of Amazonia is thought to be influenced by the direct
thermal circulation of the Intertropical Convergence Zone (ITCZ) and Rossby waves - these
processes being amplified by seasonal cycles of SST. Moreover, SST has less effect on the
precipitation during the solstices and has little influence in western Amazonia. Further
evidence of SST impacts on regional climate can also be seen during El Nifio and La Nifia
events which have been associated with a range of climate anomalies in South America
(Grimm et al. 2000). The current generation of coupled ocean-atmosphere climate models

generates a range of patterns of SST for the tropics, even when performed for the same future



scenario of CO, (Barsugli et al. 2006). This link between SST and regional climate therefore
has the potential to dramatically increase the uncertainty of vegetation cover forecasts.

The objective of this study is to quantify the uncertainty in vegetation forecasts for
South America caused by different predicted patterns of SST for the first half of the 21™
century. We hypothesize that under the same greenhouse gas emissions scenario, varying
patterns of Pacific and Atlantic SST will play a major role in defining the spatial distribution

and identity of vegetation cover in South America.
2 Model description and experiment design

Simulations were performed using the CCM3 (Community Climate Model) general
circulation model (Kiehl et al. 1998) coupled to the surface model IBIS (Integrated Biosphere
Simulator) - a dynamic global vegetation model which considers changes in the composition
and structure of vegetation in response to environmental conditions (detailed description in
Delire et al. 2002). The simulations were performed at T42 resolution (2.81°x2.81°) and 18
vertical levels in the atmosphere and used a hybrid sigma-pressure coordinate system and a
time step interval of 15 minutes.

In IBIS, the geographic distribution of each plant functional type (PFT) is generated in
relation to climatic variation, considering tolerance to low temperatures and degree-days
requirements (Foley et al. 1996). The model determines the dominant vegetation to the grid
point by the difference of the annual carbon balance resulting from different ecological
strategies (Kucharik et al. 2000). IBIS incorporates 12 plant functional types (PFTs): tropical
evergreen trees, tropical deciduous trees, temperate evergreen trees (broadleaf), temperate
evergreen trees (conifers), temperate deciduous trees (broadleaf), boreal coniferous evergreen
trees, boreal deciduous trees (broadleaf), boreal deciduous trees (coniferous), perennial
shrubs, deciduous shrubs, herbaceous C3 and grasses C4.

The combination of the 12 PFTs creates the distinct ecosystems represented by the
model: tropical evergreen forest, tropical deciduous forest, temperate evergreen broadleaf
forest, temperate evergreen conifer forest, temperate deciduous forest, boreal evergreen forest,
boreal deciduous forest, mixed forest, savanna, grassland, dense shrubland, open shrubland,
tundra, desert and polar desert or ice.

Each simulation was run for 50 years, with three repetitions (ensembles) per
treatment. For the control simulation observational data from global SST

(http://www.cdc.noaa.gov/data/gridded/data.noaa.oisst.v2.html) and  atmospheric  CO;



concentration (http:// www.esrl.noaa.gov/gmd/ccgg/trends/) for the period from 1951 to 2000
was used, with three ensembles initialized on 17-19 January 1951, to obtain a more realistic
representation of vegetation and of climate situations for the same time period.

To verify the performance of the CCM3-1BIS model in simulating the regional climate
during the study period in South America, the simulated precipitation is compared against six
different precipitation data-bases, including two climatological surface rain gauge datasets:
Climatic Research Unit (CRU; New et al. 1999), and Willmott and Matsuura (Willmott and
Matsuura 2001); two that blend remote sensing data with surface rain gauges: Climate
Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997), and
Global Precipitation Climatology Project (GPCP; Huffman et al. 1997); and two reanalysis
datasets: National Centers for Environmental Prediction (NCEP)-NCAR (Kalnay et al. 1996)
and the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA-40) (Uppala et al. 2005).

The influence of variability in SST on vegetation cover in South America was
investigated through a series of ten experimental simulations using data obtained from
PCMDI (Program for Climate Model Diagnosis and Intercomparison). Ten representative
coupled climate models were chosen out of those used by the IPCC in AR4 on the basis of
spatial resolution and including a representative sample of meteorological research centers:
CCCMA CGM3.1 T47, CNRM CM3, CSIRO MK3.0, GFDL CM2.1, GISS MODEL E_R,
IPSL CM4, MIROC3.2 MEDRES, MPI ECHAM5, NCAR CCSM3.0 and UKMO
HadCMa3. All simulations had atmospheric concentrations of CO, and CH, in accordance
with the IPCC A2 scenario. Three ensembles were conducted for all simulations, with runs
starting on 17-19 January 2001. The total experiment included 1650 years of simulation.

3 Results

The monthly mean variations of precipitation simulated by CCM3-IBIS and according to the
six datasets are shown in Fig. 1 for selected areas of potential vegetation (Fig. 2a) the savanna
in central Brazil (cerrado), dense shrubland in northeast Brazil (caatinga) and in central
Argentina (pampas). Simulated precipitation amplitude is within the amplitude of the datasets
and the seasonality is well simulated too, with a slightly dry rainy season in the pampas. The
performance of simulated precipitation for the Amazon tropical evergreen forest region is

described in detail in a previous study (Senna et al. 2009). They found that annual mean



precipitation is within 10% of five datasets precipitation mean, and precipitation seasonality is
also well simulated.

In the control simulation, the dominant vegetation of South America was simulated by
the coupled model CCM3-IBIS for the period of 1991 to 2000. Since three ensembles were
used, the results consist of an analysis of 30 years (10 years x 3 ensembles). If the dominant
vegetation type in a given pixel is the identical in greater than 90% of the simulated years
(27/30) over the three ensembles then the simulated vegetation is defined as “very robust” for
that pixel; if it occurs in greater than 66% of the simulated years it is designated “robust”. All
other simulated vegetation (<66% of simulated years) is defined as transitional vegetation.

CCMB3-IBIS provided a very robust simulation of vegetation cover over 9.3x10° km?
(52%) and a robust simulation over 4.9x10° km? (27%), out of a total area of 17.9x10° km?
for South America (Fig. 2). Overall, 79% of the vegetation was robustly simulated by the
model, while the remaining 21% of pixels (3.7x10° km?) contained transitional vegetation.
The variation in dominant vegetation type does not indicate an oscillation between two
radically different types of vegetation, but rather small oscillations around the condition that
defines what type of PFT is dominant. This is clearly illustrated in Fig. 3 where small
oscillations around the value 0.8 of leaf area index (LAI) for the pixel with coordinates
9.77°S, 45°W cause the simulated vegetation to be classified as transitional (between
grassland and savanna) during the period of 1991 to 2000. IBIS specifies that a savanna
ecosystem is characterized by a tree LAI of 2.5 to 0.8, while a tree LAl smaller than 0.8
characterizes a grassland ecosystem. In the case of the pixel indicated above (Fig. 3), the
mean simulated tree LAI is very close to the transition point (0.8) between ecosystems
(mean=0.77, n=30) — the variation being driven by the inter-annual climate variability
simulated by the model. Pixels that indicate transitional vegetation represent areas in which
the model is not able to generate robust predictions. The major areas of transitional vegetation
(Fig. 2) are in central-western Brazil (tropical deciduous forest and savanna) and in
northeastern Brazil (savanna and grasslands).

High levels of uncertainty in the forecast of dominant vegetation (2011-2050) are
generated by the variability in the ten future patterns of SST (Fig. 4). Each element of Fig. 4
represents an analysis of 300 years (3 ensembles x 10 years x 10 SST). Following the same
divisions outlined above, if simulated dominant vegetation is identical in more than 90% of
the simulated years (>270) the results are considered “very likely” for that pixel; if it occurs in

greater than 66% of the simulated years it is designated “likely”. All other simulated
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vegetation (<66% of simulated years) is defined as transitional vegetation where the result of
the simulation is designated “uncertain”.

As the simulation progresses areas of uncertainty increase (Fig. 4a-d), especially in the
current border region of savanna and Amazon forest, and in northeastern Brazil, whose
simulated ecosystems are predicted to vary from savanna, grassland, to open shrubland. The
degree of uncertainty also increases in northern South America and in the current pampas
region. In this latter region it is primarily associated with different frequencies and intensities
of the EI Nifio event in different SST datasets: while some patterns of SST, such as the ones
generated by the CSIRO and HadCM maodels, cause frequent and intense El Nifios, other
models (such as the CNRM model) generate weaker EI Nifio events.

In areas where the simulation produces likely and very likely forecasts various
biogeographical trends can be discerned. One of the clearest patterns is the wide-scale
replacement of savanna by tropical deciduous forest that can be seen experimental simulations
(Fig. 4e-l). The other major ecosystem types of South America do not show significant spatial
changes in experimental simulations (Fig. 4e-I).

The simulated trends in geographic coverage the results considered robust/very robust
and likely/very likely (i.e. analysis of grid points above 66% occurrence of vegetation) for the
five major ecosystems in South America (1991-2050) show a complex pattern of change and
replacement that is subject to sharply increasing levels of uncertainty (Fig. 5). The area of
transition vegetation from the control simulation (3.7 x 10° km2) is filtered for the entire period
2001-2050, and it is not represented in Fig. 5. With the exception of tropical deciduous forest,
all the major ecosystem types were characterized by a reduction in predicted area over the
course of the simulation: savanna (predicted reduction =2.7x10° km?), grassland (=1.1x 10°
km?), tropical evergreen forest (=0.67 x10° km2) and temperate evergreen broadleaf forest
(=0.1x10° km?). These reductions in absolute area were accompanied by an increase of 5x
10° km? of areas where the coupled-model ensemble was unable to give a robust prediction
about the type of ecosystem within a grid square. Most notably, from the perspective of
international conservation, the absolute area of tropical evergreen forest in Amazonia is
predicted to decline by as much as 18% by the 2040s — although, as with the other predicted
declines, the actual figure may be lower due the increasing levels of uncertainty generated by

the simulations.
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4 Discussion

The results of the simulations point to an increasing degree of uncertainty associated with
predictions for South American vegetation over the next forty years of the current century.
Using the latest data and modeling techniques it is impossible to predict, with a greater than
66% chance of success, the vegetation cover in areas equivalent to 28% of South America (5
x10® km?). However, it is important to note that this uncertainty is not evenly distributed
throughout the continent and that there are important and robust predictions concerning
redistributions of major vegetation types. These “areas of uncertainty” include parts of eastern
Amazonia, northeast Brazil and northern South America (Guyana/Venezuela). The range of
climate uncertainty (in precipitation and temperature for example) that goes into the
vegetation modeling is expected to be smaller than the range of uncertainty found in climate
predictions from different GCMs, as vegetation response depends mainly on the combination
of temperature and precipitation changes and such combination tends to be the same for the
same GCM. The use of a single climate model reduced the level of climate model related
uncertainty.

The source of the uncertainty in the reported simulations is mainly attributable to the
variability in the ten simulated patterns of SST which are influencing the complex dynamics
of the interaction between the regional climate and the dominant vegetation cover.
Predictably, the first areas to be affected by this uncertainty are those that are currently
classified as transitional vegetation. As the simulation progresses and the SST scenarios
diverge, such transitional areas expand, eventually leading to large swathes of uncertainty
spreading over vast areas of the north and northeast of the continent. The significance of this
uncertainty is that in areas such as northeastern Brazil the predicted ecological end-points may
range from savanna, grassland and open shrubland. This uncertainty provides a significant
socio-economic and conservation challenge to planners and policy makers and is a stark
warning against ascribing too much weight to the results of any of the existing simulations
that forecast vegetation cover in this region.

Uncertainty in predicting future vegetation coverage has been found in other modeling
studies, albeit at a much cruder scale. Alo and Wang (2008) examined the geographical
responses of natural vegetation to future changes in atmospheric CO, concentration and
climate at a global level. To achieve this they used an offline version of the National Center
for Atmospheric Research Community Land Model’s (NCAR CLM) dynamic global
vegetation model, forced by the climate simulated by eight general circulation models. The
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eight simulations showed a great deal of uncertainty, especially with respect to the coverage
of evergreen trees in South America with some models predicting dieback while others
predicted enhancements in forest cover in some regions.

However, despite the uncertainty our study also indicates that some areas are likely to
change (or remain unchanged) whatever SST scenario is used. Among these robust forecasts
the most striking is the expansion of tropical deciduous forest from its current distribution
centered in the State of Sdo Paulo, to occupy a large part of central Brazil by 2050. One
explanation for this expansion is the fertilization effect that is predicted to be mirrored by a
reduction of the cerrado vegetation that currently predominates in this region. Lapola et al.
(2009) show that if, in the future, CO, fertilization effect does not play any role in tropical
ecosystems then there must be substantial biome shifts in the region, including substitution of
the Amazonian forest by savanna. Otherwise, if CO, fertilization indeed enhances NPP in the
future, then impacts could be less catastrophic, while most of Amazonia would remain the
same. They also found small area of uncertainty in southeast Amazonia associated with
uncertainties in future precipitation anomalies.

Our results also show the hotly debated Amazon region possesses a core area in the
west that is predicted to remain unchanged across the range of SST used in the simulation.
The risk of Amazon forest dieback in northwestern Amazonia is almost eliminated if the
direct impacts of CO, on plant productivity and water-use efficiency are great (Rammig et al.
2010). However, overall 18% of the tropical evergreen forest in Amazonia is considered area
uncertain, predicted to be replaced by tropical deciduous forest or savanna (or may even
remain as tropical evergreen forest) by 2050. This result is in general concordance with other
regional modeling studies (e.g. Cox et al. 2000, 2004; Salazar et al. 2007; Cook and Vizy
2008) although, as would be anticipated given the uncertainties involved, these vary
considerably. For example, Salazar et al. (2007) estimated a 9% reduction in Amazon forest
cover during the period 20502059 for the A2 emission scenario, when at least 75% of the
calculations agree on the projecting biome change (consensus), while Cook and Vizy (2008)
predicted an enormous 69% reduction by 2100 using an asynchronous coupling between the
regional climate model (MM5 RCM) and the potential vegetation model (CPTEC-PVM).
Rammig et al. (2010) concluded that the uncertainty associated with the long-tern effect of
CO, is much larger than that associated with precipitation change, and this underlines the

importance of reducing uncertainties in the direct effects of CO; on tropical ecosystems.
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5 Conclusions

Accurate forecasting of vegetation patterns under climate change at a regional or global scale
in response to expected increases in CO; is a vital prerequisite for effective land use planning,
adaptation and mitigation measures. However, such complex simulations inevitably generate
large uncertainties, especially where small changes in simulated climate can lead to major
ecosystem transitions. Understanding the nature and extent of these uncertainties, and
geographically locating areas for which the best forecasts are inherently uncertain is thus an
important objective for the international modeling community.

The current study is an important first step in highlighting and estimating some of the
uncertainties associated with this process of environmental forecasting in South America. Our
guantitative assessments, based on the patterns of predicted SST, show a complex set of
future determinations of vegetation patterns in South America. Sorting between these
alternative scenarios will require the development of new mathematical and statistical tools
that provide not only estimates on the climate impact, but which also better quantify the

uncertainties involved.
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Fig. 1 Monthly variation of precipitation for the caatinga (a), cerrado (b) and pampas
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Fig. 2 Panels (a) illustrate results the potential vegetation. Panels (b-c) illustrate results of the
control simulation, where panel (b) shows simulated pattern of dominant vegetation for the
period of 1991-2000, and panel (c) shows robustness of the control simulation (see text for

details).
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Fig. 3 Tropical trees leaf area index ensemble range and mean for the pixel (9.77°S, 45°W)
for the period of 1991 to 2000. Note that during the period 1996-1999 the simulations vary
considerably in whether they predict grassland or savanna.
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Fig. 4 Panels (a-l) illustrate forecast vegetation cover in South America 2011-2050 based on
increased CO, atmospheric concentration for the A2 scenario of IPCC, where panels (a-d)
show the overall uncertainty levels of each pixel (see text for details), and panels (e-I)
illustrate the results of the experimental simulations using 10 different estimates of SST. In
addition panels (e-h) illustrate the transition vegetation in control run in white, and panels (i-I)

illustrate the uncertain results in gray.
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considered robust/very robust in the control simulation (1991-2050). (b) Change in area
occupied by different vegetation types (2001-2050) as compared to reference period (1991-
2000). (c) Percentage area occupied by the five major ecosystems for the grid points

considered robust/very robust in the control simulation (1991-2050).
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Abstract

Global warming in the first half of the 21th century is likely to have profound influences on
South American vegetation and climate. Although various models exist that seek to model the
dynamic interactions between vegetation types and climate under scenarios of global
warming, such coupled models have not been used to assess the potentially critical role of
variations in sea surface temperature (SST) in modifying the climate-vegetation interactions
across the continent. Here, we use monthly output of a 100-year coupled model run to
investigate how South American vegetation will respond to future patterns of SST in the
Pacific and Atlantic, under a global warming scenario. Specifically, we assess statistical
correlations between SST variability and vegetation in six different South America regions.
The results demonstrate that the model provides a robust simulation of changes in mean
precipitation, net primary production (NPP), upper canopy leaf area index (LAI) and lower
canopy LAI under warming and non-warming scenarios. Most significantly, spatial-temporal
variability in SST exerts a strong influence over the vegetation dynamics in all six South
American regions. However, there was considerable variation in the direction and magnitude
of SST effects in different regions. We conclude that accurate and robust analysis of the South
American climate and associated vegetation dynamics under global warming need to consider
the SST pattern.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) estimates that global mean
surface temperatures have increased by 0.74°C + 0.18°C over the last 100 years (1906-2005),
the rate of warming over the last 50 years being almost double that over the last 100 years
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(0.13°C £ 0.03°C vs. 0.07 £ 0.02°C per decade) (Trenberth et al., 2007). Most of the observed
increase in global average temperatures since the mid-20th century is very likely due to
increases in anthropogenic greenhouse gas concentrations (Hegerl et al., 2007).

Global warming will have dramatic impacts on ecosystems and the species that inhabit
them (e.g. Thomas et al., 2004), and it is therefore vitally important that scientists are able to
develop robust models that are able to realistically capture the complex and dynamic
relationship between the climate and land use. The response of vegetation in South America
to climate change may be particularly important as this continent still contains the largest (but
rapidly diminishing) continuous area of tropical rainforest. The potential impacts of climate
change on this and other South American ecosystems are currently poorly understood, as is
the role of these ecosystems may play in determining the extent and geographical pattern of
the changing climate.

There are several current models that simulate the dynamic relationship between
climate and vegetation at a macrogeographic scale (Levis et al., 2000; Cox et al., 2004; Betts
et al., 2004; O’ishi and Abe-Ouchi, 2009). These could be of great utility for climate modelers
since, unlike many climate simulations, they consider the atmosphere and terrestrial biosphere
as a coupled system with biogeophysical and biogeochemical processes occurring across a
range of timescales (Foley et al., 2000). Specifically, when a dynamic model is coupled to an
atmospheric general circulation model it is possible to investigate the influence of vegetation
dynamics on climate change under conditions of global warming (O’ishi and Abe-Ouchi,
2009).

The results from such coupled models predict that one of the impacts of
doubled/quadrupled CO; in the Amazon region will be an increase in CO, fertilization which
could counteract the potential decrease in net primary production (NPP) associated with
warming (O’ishi and Abe-Ouchi, 2009 - similar results obtained by Cox et al., 2000, 2004;
Betts et al., 2004). However, these results are strongly in contrast with other coupled model
numerical studies on the response of tropical vegetation elevated CO,. Moreover, the
simulations indicated that an increase in CO, will be accompanied by an increase in
vegetation cover in tropical regions: this process would initiate a feedback loop through the
hydrological cycle, leading to an increase in precipitation and soil moisture (Levis et al.,
2000).

The conflicting results may be due, in part, to the influence of different patterns of sea
surface temperature (SST) used by the coupled simulations, since the South American climate

is strongly dependent on the patterns of SST in the Pacific and Atlantic (Nobre and Shukla,
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1996; Diaz et al., 1998; Grimm et al., 2000; Haylock et al., 2006). Such changes in climate
will have knock-on effects on vegetation. For example, when a coupled climate-vegetation
model was forced by future SST and sea ice (projected with 17 atmosphere—ocean general
circulation models participating in the IPCC Fourth Assessment Report, and by appropriate
atmospheric carbon dioxide concentrations under the A2 emission scenario) (Jiang et al.,
2011), vegetation was predicted to become denser (in terms of increases of global mean leaf
area index).

Although several studies using coupled models have already investigated the effects of
vegetation feedback under global warming (see above), they are either restricted to particular
parts of South America such as the Amazon or do not take into account the behavior of
vegetation in relation to SST variability. Thus, the objective of the present study is to use a
coupled climate-vegetation model (a 100-year monthly model CCM3-1BIS running from 1951
to 2050) to evaluate the influence of spatial-temporal variability in SST on South American
vegetation dynamics under global warming.

This study seeks to answer to the following fundamental questions:

- How will the vegetation of South America respond to future patterns of SST in the

Pacific and Atlantic?

- What correlations exist between the SST variability and vegetation characteristics

in different South America regions?

The paper is organized as follows. First, we provide a concise overview of the model,
including processing schemes, details of the initial state spin-up, simulation setting, and
forcing data. Second, we analyze the simulation results and discuss the accuracy of the model
simulation, the predicted response of South American terrestrial ecosystems to global
warming in first half of 21th century, and the influence of ocean surface patterns in the South
America ecosystem variables. Finally, we provide concluding remarks on the efficacy and

validity of the study.

2. Model Description and Experiment Design

Experiments are performed using the National Center for Atmospheric Research
(NCAR) Community Climate Model Version 3 (CCM3) (Kiehl et al., 1998) with spatial
resolution T42 (2.81° x 2.81°), 18 vertical levels in the atmosphere, and using a hybrid sigma-
pressure coordinate system and a time step interval of 15 minutes. This model is coupled with
an updated version of the surface model known as the Integrated Biosphere Simulator (IBIS)

(Foley et al., 1996). IBIS is a dynamic global vegetation model which considers changes in
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the composition and structure of vegetation in response to environmental conditions (detailed
specification in Delire et al., 2002).

Most significantly, IBIS provides a representation of vegetation dynamics appropriate
for global ecosystem modeling. NPP is calculated by integrating primary production through
the year discounting maintenance respiration and the carbon lost due to growth respiration.
Leaf area index (LAI) is simulated according to climatic conditions such as temperature,
precipitation and plant productivity, which in turn depend on LAI. In each grid cell of the
model a number of plant functional types (PFT) can exist simultaneously. Competition among
PFTs is characterized by the ability of plants to capture common resources (light and water).
For example, light is first captured by the LAI of PFTs in the upper canopy and therefore less
light is available for the lower canopy. However, lower canopy LAI has primary access to soil
moisture as it infiltrates through the soil (Foley et al., 1996). Competition between PFTs in
the same layer of the canopy is represented by the difference of the annual carbon balance
resulting from different ecological strategies (Kucharik et al., 2000).

A set of simulations is designed to generate a detailed view of patterns of SST related
vegetation patterns over South America. We conduct two groups of simulations: (1) a control
simulation for the second half of the 20th century that assumes present-day conditions, and;
(2) a series of ten experimental simulations for future climate scenarios for the first half of the
21th century. Each simulation is run for 50 years, with three repetitions (ensembles) per
group of simulations.

The control simulation uses observational data from global SST
(http://www.cdc.noaa.gov/data/gridded/data.noaa.oisst.v2.html) and  atmospheric  CO,
concentration (http:// www.esrl.noaa.gov/gmd/ccgg/trends/) for the period from 1951 to 2000.
To obtain a more realistic representation of vegetation and climate scenarios for the same time
period, the control simulation uses three ensembles initialized on 17-19 January 1951.

The series of ten experimental simulations use data from global SST obtained from
PCMDI (Program for Climate Model Diagnosis and Intercomparison). Ten representative
coupled climate models are chosen (out of those used by the IPCC in AR4) on the basis of
spatial resolution and include a representative sample of meteorological research centers:
CCCMA CGM3.1 T47, CNRM CM3, CSIRO MK3.0, GFDL CM2.1, GISS MODEL E_R,
IPSL CM4, MIROC3.2 MEDRES, MPI ECHAM5, NCAR CCSM3.0 and UKMO
HadCM3. All simulations have atmospheric concentrations of CO, and CH, in accordance
with the IPCC A2 scenario. Three ensembles are conducted for all simulations, with runs

starting on 17-19 January 2001. The total experiment includes 1650 years of simulation.
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The performance of the CCM3-IBIS model in simulating the regional climate during
the control period in South America is verified by a comparison of the simulated precipitation
against six different precipitation databases. These databases include two climatological
surface rain gauge datasets (Climatic Research Unit (CRU; New et al., 1999), and Willmott
and Matsuura (Willmott and Matsuura, 2001)), two that blend remote sensing data with
surface rain gauges (Climate Prediction Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin, 1997), and Global Precipitation Climatology Project (GPCP;
Huffman et al., 1997)), and two reanalysis datasets (National Centers for Environmental
Prediction (NCEP)-NCAR (Kalnay et al., 1996) and the 40-yr European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) (Uppala et al., 2005)).

The study is conducted for six regions over South America: Northern South America
(NSA), with coordinates on land of 0° to 10°N by 60°W to 77°W; Western Amazonia (WA)
within 2°N to 9°S and 63°W to 80°W; Eastern Amazonia (EA) within 2°N to 9°S and 49°W
to 62°W; Northeast Brazil (NEB) within 2°S to 18°S and 36°W to 48°W; Central Brazil (CB)
within 10°S to 26°S and 49°W to 62°W; Patagonia (PA) within 28°S to 49°S and 56°W to
68°W (Figure 1).

3. Results and Discussion

The large size of continental South America means that the climate and vegetation
varies considerably on a regional basis. For example, there is great regional variability in the
seasonal cycle of precipitation (see grid-cells indicated in Figure 1). Specifically, the NSA,
WA and EA regions show high precipitation values while the NEB, CB and PA regions show
lower precipitation values. Simulated precipitation amplitude is within the amplitude of the
datasets, and seasonality is also well simulated with a delayed rainy season in the NSA and
before the dry season in the WA. The simulated precipitation for the Amazon tropical
evergreen forest region has been described in detail in a previous study (Senna et al., 2009),
which found that annual mean precipitation was within 10% of the precipitation mean of five
datasets, and that precipitation seasonality was also well simulated.

In the first half of 21th century (2041-2050), climate conditions simulated by CCM3-
IBIS model in response to increased greenhouse gases in South America differ from the
baseline (1991-2000) climate (Figure 2). A mean decadal precipitation increase in WA region
and decrease in NSA region is obtained in the period 2041-2050 as compared to the reference
period 1991-2000 (Figure 2a-2c). These differences in precipitation are characteristic in South

America precipitation anomalies during EIl Nifio events (Aceituno et al., 2009). The future
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NPP scenario (2041-2050) shows an increase across almost all areas of South America due to
elevated atmospheric CO, — the CO, fertilization effect. The vegetation becomes more
productive over WA (Figure 2d-2f). Such a change in carbon assimilation is mainly due to
precipitation increases in the region. Future climate conditions are observed to produce a
simultaneous increase in the LAI upper canopy in all areas of South America, except NSA
(Figure 2g-2i), as a consequence of the physiological effect of raised CO,. Lower canopy LAl
is observed over the PA region, where grassland vegetation predominates. In contrast, upper
canopy lower canopy LAI show positive trends over the NEB region and negative trends in
the NSA region (Figure 2j-21).

The coefficient of variation (the ratio of the standard deviation to the mean as a
measure of relative variability) provides a useful tool to compare the decadal variability of
present-day conditions (1991-2000) and future scenario (2041-2050) simulations in the
context of mean precipitation, NPP, upper canopy LAI and lower canopy LAI (Figure 3). The
largest coefficient of variation is found in the future decadal (2041-2050) scenario which is
also characterized by a large standard deviation. This increase is attributable to the variability
in the ten future patterns of SST - an analysis of 300 years (3 ensembles x 10 years x 10
SSTs). It should be noted that, in contrast, the present-day conditions simulation only consists
of an analysis of 30 years (3 ensembles x 10 years x 1 SST).

Some changes in vegetation cover in South America during 1991-2000 and 2041-2050
are also forecast (Figure 4). One of the clearest changes in vegetation structure is the
replacement of savanna by tropical deciduous forest. The distribution of other major South
American ecosystem types does not show large changes in the experimental simulations.
Jiang et al. (2011) also observed that increases of deciduous forest will be one of the main
characteristics of the changes in vegetation composition under future global warming.

The relationship between SST and the diverse patterns of South American vegetation
can be best addressed through a statistical analysis of the patterns of variability. The spatial
variation in the SST is based on a series of bi-dimensional correlations between the 10 future
patterns of the SST and the precipitation data, NPP, upper canopy LAI and lower canopy LAI
— estimated from the different SST scenarios for 2011-2050. These data are analyzed for 400
years (40 years x 10 SST scenarios) for all six regions (Figures 5-10). The correlation
between the mean spatial variation for each region and SST for each point on the grid is
assessed under the influence of global warming scenarios (Figures 5a-5d — 10a-10d) and with

the warming trend removed (Figures 5e-5h — 10e-10h).
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Precipitation, NPP and LAI upper canopy over the NSA region are negatively
correlated with SSTs in the equatorial Pacific and Atlantic oceans (Figure 5a-5c). The
northern hemisphere plays an important role in inducing positive precipitation anomalies in
the equatorial zone of the tropical and subtropical Atlantic. This result agrees with those of
Marengo et al. (2005). Increases in SST over this region induce a northward position of the
Intertropical Convergence Zone (ITCZ) associated with changes in the meridional gradient of
atmospheric pressure. Under this scenario increased precipitation would be induced in the
NSA. It is important to highlight that statistically significant correlations are generated in the
western Pacific, along the coast of Japan, and near the west coast of South America. This
pattern is very similar to the warm phase of the Pacific Decadal Oscillation (PDO). However,
the correlation between lower canopy LAI and SST is in strong contrast to the previous
patterns - in the sense that there is a positive correlation in the equatorial region of both
Atlantic and Pacific Oceans, and negative correlation elsewhere, which may resemble the cool
phase of the PDO (Figure 5d).

When the linear global warming trend is removed the largest correlation between
precipitation and SST over the NSA is located in the equatorial region. Thus, La Nifia years
induce positive precipitation anomalies (Figure 5e). This is partially reproduced by the NPP
(Figure 5f), although changes in NNP and upper canopy LAI (Figure 5g) are also influenced
by the warmer subtropical Pacific. Lower canopy LAI is more highly correlated with the
colder equatorial Pacific as reproduced by the precipitation anomalies (Figure 5h, 5e).

In the case of WA region, there is a positive correlation between precipitation, NPP,
upper canopy LAI and SSTs in large parts of the Pacific and Atlantic oceans (Figure 6a-6c).
This suggests there is no substantial dependence of the WA climate-vegetation patterns on the
equatorial Pacific climate variability under global warming conditions (i.e. the global effect of
higher SSTs is dominant). However, in the case of lower canopy LAI, equatorial SSTs seem
to play an important role in defining the pattern of change (Figure 6d). These results differ
from those predicted to occur for the NSA region. In the absence of global warming the
equatorial Pacific is highly correlated with the WA region for both precipitation and NPP,
whereas it does not strongly affect upper canopy LAI which exhibits a higher correlation with
the Southern Hemisphere (SH) SSTs (Figure 6e-6g). It is interesting that the WA region is
statistically correlated with the subtropical Atlantic Ocean, perhaps due to the influence of the
South Atlantic Convergence Zone (SACZ). However, there is no statistically significant

correlation for lower canopy LAI (Figure 6h).
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The SST correlation with rainfall, NPP and upper canopy LAl in the EA region under
global warming conditions shows a similar pattern to that of the WA region (Figure 7a-7c).
Lower canopy LAI shows a negative correlation (Figure 7d). Although the equatorial Pacific
plays a significant role to defining the precipitation pattern in EA region, this is not reflected
in terms of NPP and upper canopy LAI, which are more influenced by the subtropical Pacific
Ocean. The tropical Atlantic Ocean should arguably also be included as a driver of the
vegetation-climate interaction in the EA region, in particular for upper canopy LAI (Figure 7).

The NEB region (Figure 8) is dominated by two biomes with distinct characteristics:
the “Mata Atlantica” or Atlantic forest is a region of tropical dry forest and tropical savanna.
The second biome is the Caatinga, which extends into the interior of northeastern Brazil. This
biome is characterized by a xeric shrubland and sparse forests of small, thorny trees that
changes their leaves seasonally. Caatinga is a unique biome because, despite being located in
an area (northeast Brazil) dominated by semi-arid conditions, it shows great variety of
biologically diverse landscapes and a high degree of endemism.

There is a negative correlation between the equatorial Pacific SST and precipitation in
the NEB region (Figure 8). This is anticipated since SST changes in this oceanic region
induce modifications in the Walker circulation leading to air subsidence in the NEB region
(Grimm et al., 2003). On the other hand, positive correlations are noted with the subtropical
Pacific and SH tropical Atlantic (Figure 8a). Positive SST anomalies in the tropical south
Atlantic are associated with a dominance of negative surface pressure anomalies and therefore
with a southward migration of the ITCZ. Such a migration may lead to positive precipitation
anomalies - as is predicted to occur. Moreover, it should be noted that the negative correlation
in the tropical north Atlantic reinforces the austral displacement of the ITCZ (Figure 8a). The
results for NPP and upper canopy LAI are quite similar, with a negative trend on the tropical
Pacific and tropical North Atlantic, and a positive trend in extratropical oceans (Figure 8b,
8c). Lower canopy LAl gives an inverse signal to that of precipitation, NPP and upper canopy
LAI (Figure 8d).

In the absence of global warming, precipitation in the NEB region shows a negative
correlation with equatorial Pacific SSTs, which is directly related to the ENSO — when the
SST is higher than normal there is a decrease in precipitation over the NEB region (Figure
8e). However, the equatorial Pacific does not seem to induce substantial modifications in NPP
and upper canopy LAI characteristics. The NPP has a positive correlation with subtropical
South Pacific and tropical Atlantic SSTs (Figure 8f). Upper canopy LAI is correlated with

positive values of SST anomalies in most parts of the ocean basins, in particular with the
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subtropical Pacific along the 30S latitude belt (Figure 8g). Lower canopy LAI is negatively
correlated with global SST (Figure 8h).

There is also a clear link between SST and vegetation-climate in the central part of
South America, which is primarily dominated by Savanna. Most noticeably, there are several
similarities in the correlation distribution for precipitation, NPP and upper canopy LAl
(Figure 9a-9c). However, once again these patterns do not match with those predicted for
lower canopy LAI (Figure 9d). When the effect of global warming is removed, precipitation
in the CB region is positively correlated with equatorial Pacific SSTs (Figure 9e). Analysis of
NPP demonstrated a positive correlation with SST in the Tropical Pacific, and the Tropical
Atlantic (Figure 9f). Upper canopy LAl is statistically correlated with SST over most oceanic
basins, with a higher index in the south extratropical Pacific (Figure 9g). Lower canopy LAl
is negatively correlated with subtropical South Pacific and Atlantic SSTs (Figure 9h).

The climate of the southern South America region (including Patagonia) is tightly
dependent on SST changes in the extropics, and is also correlated with the equatorial Pacific
(Figure 10). The influence of extratropical SSTs may play a leading role in influencing
precipitation, NPP, and both upper and lower canopy LAIl. However, in the case of
precipitation and lower canopy LAI some response to the eastern subtropical northern Pacific
is also observed. Under of the no global warming scenario, precipitation and NPP are strongly
influenced by the equatorial Pacific, and upper canopy LAI is influenced by the global pattern
of SST. Lower canopy LAI is mainly driven by the subtropical southern Pacific (Figure 10h).

4. Conclusions

The results of this study, using the CCM3-IBIS coupled model clearly demonstrate the
significant influence that SST may play in the future dynamics of South American terrestrial
ecosystems. Our quantification of the potential changes in natural vegetation under global
warming in first half of 21th century predict an increase in high-productive vegetation due to
the effect of atmospheric CO, fertilization. In general, the increased atmospheric CO,
emissions will be accompanied by changes in precipitation, with a high possibility of weather
conditions causing noticeable changes in regional vegetation composition and structure. CO,
enrichment is predicted to stimulate NPP in most South American ecosystems vegetation
becoming denser through increases in upper canopy LAI — particularly in the Brazilian
Cerrado region where the vegetation structure will undergo noticeable changes as it is
replaced by tropical deciduous forest. It is also clear from the no warming scenario that there

are dependencies on SST patterns in the coupled atmosphere-biosphere system of all six
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South American regions. In conclusion, at a macrogeographic scale changes in SST in the
Atlantic and Pacific oceans are an important driver of changes in the structure of the South
American vegetation.

The effect of future climate change on South America such as forest fires, storms,
severe droughts, and increased/decreased vegetation productivity, will command public
attention and place increasing demands on management resources. Increased utilization of
sophisticated and appropriately parameterized models (dynamic climate-vegetation,
controlled SSTs) will provide a more realistic picture of the identity and relative importance
of the main drivers of vegetation change under climate change. The results presented here
strongly indicate the need for further investigation into the role of SST patterns on vegetation
(and terrestrial ecosystem in general). Future research should focus on further elucidating the
nature of complex ocean-atmosphere-biosphere interactions and there impacts on the
macrogeographic distribution of vegetation and on climate variability. More specifically, an
important step towards this goal would be additional analyses that link changes in PFT within

ecosystems to specific patterns of SST.
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Figure 1 — Seasonal cycle of precipitation climatology for the NSA (a), WA (b), EA (c), NB

(d), CB (e) and PA (f). Individual data sources (various markers; see legend). Boxes indicate

the regions as defined for this analysis.
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Figure 2 — Mean decade of precipitation (mm/day) (a-b), NPP (kg/m2year) (d-e), LAl upper
canopy (m2/m?) (g-h), and LAI lower canopy (m#m?) (j-k) in South America, over present-
day conditions (1991-2000) (a, d, g, j) and future scenario (2041-2050) (b, e, h, k), and
anomalies (2041-2050 — 1991-2000) (c, f, I, I).
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Figure 3 — Coefficient of variation of precipitation (a-b), the NPP (d-e), upper canopy LAI (g-
h) and lower canopy LAI (j-k) in South America, over present-day conditions (1991-2000) (a,
d, g, J) and future scenario (2041-2050) (b, e, h, k), and anomalies (2041-2050 — 1991-2000)
(c,f, 1, 1).
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Figure 4 — Vegetation cover in South America, over present-day conditions (1991-2000) (a)
and future scenario (2041-2050) (b).



33

(a) Pracipitation (e)

BON L 1 1 1 1 L 1 1 1

= oM -

ic) LAl upper canopy (g)

[
T T
sl
Vg
T T T T T T T T T
180 150W  120W  OOW 1208 160 1BO  160W  120W  @OW  6OW  DOW 0 30E

=1 =05 =025 -0.13 0.13 0.25 0.5 1

Northern South America

Figure 5 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in NSA 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Figure 6 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in WA 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Figure 7 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in EA 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Figure 8 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in NEB 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Figure 9 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in CB 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Figure 10 — Panels (a-h) illustrate the correlation between SST and climate, and vegetation
patterns in PA 2011-2050: where panels (a-d) are based on increased CO, atmospheric
concentration for the A2 scenario of IPCC, and panels (e-h) illustrate the results without the
trend of global warming (see text for details). It should be noted that these figures only show

significant values at the 0.01 level with a positive or negative correlation of greater than 0.13.
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Abstract

Accurate studies of the impacts of climate change on the distribution of major vegetation
types are essential for developing effective conservation and land use policy. Such studies
require the development of models that accurately represent the complex and interacting
biophysical factors that influence regional patterns of vegetation. Here we investigate the
impacts of Sea Surface Temperature (SST) on the vegetation of the Amazon, testing the
hypothesis that changes in Amazonian vegetation structure are a consequence of an ocean-
atmosphere-biosphere interaction. We design a numerical experiment in which we force a
coupled climate-biosphere model by 10 SST patterns produced by different IPCC AR4
models, for the A2 scenario for the period 2001-2050. Simulations for 2011-2050 show that
certain patterns of SST are likely to decrease the ensemble for tropical evergreen rainforest
and savanna, and that these areas will be occupied mainly by tropical seasonal rainforest.

1. Introduction

One of the most important challenges in environmental science is to understand and
predict the influence of climate change on the major ecosystems of the world. The focus of
much of this research (reviewed by Malhi et al., 2008) has been the relatively pristine tropical
forests of the Amazon basin in South America - the largest remaining area of continuous
rainforest in the world and a vital component in maintaining global ecosystem services (sensu
Constanza et al., 1998) such as hydrological cycles that have potential impacts on the regional
and global climate system (Chahine, 1992; Cox et al., 2001; Werth and Avissar, 2002).

However, despite decades of empirical research and considerable advances in
modeling there is still uncertainty regarding the fate of the Amazon under global warming.

For example, it has been proposed that the Amazon forest may experience a dieback during
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the 21th century as a consequence of anthropogenically induced global warming (Cox et al.,
2000). Specifically, Cox and his colleagues predicted that forests of Amazonia would begin to
be lost due to a drying and warming of the atmosphere based on the results of a fully coupled,
three-dimensional carbon-climate model. Although they accept that this scenario rests upon
“uncertain aspects of regional climate change, and may be ‘short-circuited’ by direct human
deforestation” (p. 186). Huntingford et al. (2008) also predict die back based on the results of
perturbed physics simulations covering a wide range of climate sensitivity. The effects of
forest die back could, in turn, release more CO, into the atmosphere leading to further
warming (Betts et al., 2004).

By contrast, some studies (e.g. Levis et al., 2000) have found that rising CO, would
not significantly modify land cover in Amazonia. One of the key variables generating much of
the uncertainty is precipitation, the prediction of which has remained problematic. As Malhi et
al. (2009) point out; much of the discussion about the possibility of Amazon dieback has been
based on either a single model, perturbed physics ensembles of a single model, or the
uncritical examination of the results of a number of models. To remedy this situation Malhi et
al. (2009) assessed the output of 19 IPCC AR4 Global Climate Models under the medium-
high range A2 Emissions Scenarios. The results of the various models varied considerably (a
few studies suggested an increase in precipitation in Amazonia during 21th century, others
suggested a decrease, and the model mean was close to zero), although there was reasonable
evidence to suggest that changes in the rainfall regime in East Amazonia may cause a
transition to seasonal forest in this area (Malhi et al., 2009).

The huge variation in the forecasts for precipitation in the Amazon region under global
warming strongly suggests that the models are failing to capture an important component of
the hydrological cycle. A strong candidate for this missing factor is sea surface temperature
(SST), patterns of which in the Pacific and Atlantic oceans are known to strongly influence
the South American climate (Nobre and Shukla, 1996; Diaz et al., 1998; Grimm et al., 2000;
Haylock et al., 2006). Although SST has been shown to strongly influence the predictions of
coupled climate-vegetation models (Jiang et al., 2011), at a global scale, its potential influence
on the future climate-vegetation coupled system in Amazonia has not been addressed.

Here we hypothesize that the vegetation in Amazonia in the 21th century will be a
consequence of an ocean-atmosphere-biosphere interaction with the objective of producing
more accurate regional forecasts of precipitation under global warming. To test this
hypothesis, we design a numerical experiment in which we force a coupled climate-biosphere
model by 10 SST patterns produced by different IPCC AR4 models, for the A2 scenario for
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the period 2001-2050. We then analyze the results for the period 2011-2050 in order to
demonstrate the relationship between land cover (tropical evergreen rainforest, tropical

seasonal rainforest and savanna) and specific patterns of SST.

2. Model description and experiment design

In this work, we performed simulations using the CCM3 (Community Climate Model)
general circulation model coupled to the surface model IBIS (Integrated Biosphere
Simulator); a combination known as CCM3-IBIS and commonly used in simulation studies
(e.g. Senna et al., 2009). Detailed information on the models is documented in Kiehl et al.,
(1998) and Foley et al., (1996), and will not be repeated here. The simulations were
performed at T42 resolution (2.81° x 2.81°) and 18 levels in the vertical in the atmosphere and
used a hybrid sigma-pressure coordinate system with a 15 minute time step interval. CCM3-
IBIS incorporates the most recent dynamics scheme and parameterized physics for the
Amazon rainforest region in order to reproduce bi-directional interactions between vegetation
and climate (Foley et al., 2000; Senna et al., 2009) making it a useful tool for studying biome
distribution, ecosystem functioning, and climate feedbacks in face of global climate change
and land use change.

The performance of the CCM3-IBIS model in simulating the regional climate for the
Amazon rainforest is described in detail by Senna et al. (2009). They reported that annual
mean precipitation is within 10% of five datasets precipitation mean, and precipitation
seasonality is also robustly simulated.

CCM3-IBIS was run for the period 1951-2050, to investigate the influence of
variability in SST on vegetation cover in the Amazon forest through ten experimental
simulations. SST data was obtained from PCMDI (Program for Climate Model Diagnosis and
Inter-comparison). The 20th century period (1951-2000) was used to spin up the model. Ten
representative outputs of the coupled climate models were chosen out of those used the 21th
century SST under the A2 emission scenario by the IPCC in AR4 on the basis of spatial
resolution and including a representative sample of meteorological research centers: CCCMA
CGM3.1 T47, CNRM CM3, CSIRO MK3.0, GFDL CM2.1, GISS MODEL E_R, IPSL CM4,
MIROC3.2 MEDRES, MPI ECHAM5, NCAR CCSM3.0 and UKMO HadCM3. More
information about the models can be found at www-pcmdi.linl.gov/ipcc. In addition to SST,
all simulations were forced by atmospheric concentrations of CO, and CH,4 in accordance
with the IPCC A2 scenario. Each simulation was spun up with dynamic vegetation and three

repetitions (ensembles) per treatment, with runs starting on 17-19 January 2001, to obtain a
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more realistic representation of vegetation and of climate situations for the same time period.

The total experiment analyzed data included a total of 1650 years of simulation.

3. Results and Discussion

There is a clear pattern of change and replacement of major ecosystems in Amazonia
in the first half of the 21th century in response to increased temperature and CO; (Figure 1).
Specifically, the probability of decadal vegetation occurrence generated by CCM3-IBIS
simulation ensembles reveals a clear temporal trend of decreasing tropical evergreen forest
and savanna and increasing tropical deciduous forest (Figure 1). This result suggests that
increases of deciduous forest are the main feature of the changes in vegetation composition
under future global warming in the Amazon forest — this is in concordance with other regional
modeling studies in the region (Malhi et al., 2009; Jing et al., 2011). The rate of transition
increases in the second half of the study period as do the uncertainties (represented by the
internal variability amplitudes). The increase in uncertainty is associated with the natural
variability of internal processes within the climate system in the model and variability in the
ten future patterns of SST (Figure 1).

Present-day climate conditions in Amazonia favor the occupation of the dominant
tropical evergreen forest in almost 60% of the study area (11°N to 12°S by 49°W to 80°W),
while savanna takes up approximately 35% and tropical deciduous forest occupies less than
5%. Global warming is predicted to affect vegetation in the next 40 years by reducing the
cover of tropical evergreen forest by around 10% (approximately 50% of the total land cover)
and savanna by around 5% (approximately 30% of the total land cover). Salazar et al. (2007)
estimated a 9% reduction in Amazon forest cover during the period 2050-2059 — a value
similar to that reported here. However, Salazar’s study predicted replacements of forest by
savanna vegetation while the present study supports the hypothesis that increasing CO, will
stimulate the growth of tropical deciduous forest which is predicted to occupy the space lost
by the other two vegetation types: Deciduous forest is predicted to occupy approximately 15%
of the total Amazonian land cover by 2050 (Figure 1). Regions of transitional vegetation
between savanna and tropical evergreen forest are predicted to become tropical deciduous
forest.

We then select the ensembles with the highest (top 10%) levels of tropical evergreen
rainforest, tropical seasonal rainforest and savanna and calculate the mean SST pattern
associated with them (Figure 2a-c) and the difference among them (Figure 2d-f). This analysis

suggests that specific patterns of SST can be identified that favor (through their influence on
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Amazonian precipitation) each of the three ecosystems. Thus, a pattern of SST of below 29°C
reaching temperatures of 23°C in the Equatorial Pacific (i.e. characteristic of a La Nina event)
produces precipitation patterns that promote tropical evergreen forest coverage (Figure 2a).

Tropical deciduous forest is favored when there are SST conditions of around 29°C in
the Equatorial Pacific and SST above 28°C across the tropical North Atlantic region (i.e.
characteristic of the Atlantic Multidecadal Oscillation, AMO positive phase) (Figure 2Db).
Savanna is associated with SST patterns in Equatorial Pacific with regions of around 29°C
(i.e. characteristic of the EI Nino event), and across Tropical Atlantic regions with SST above
27°C (Figure 2c). The difference between SST patterns for the tropical seasonal rainforest and
tropical evergreen rainforest shows positive anomalies in the North Atlantic and North Pacific
Equatorial Oceans, and negative anomalies in the South Pacific (Figure 2d). The difference
between SST patterns associated with savanna and tropical evergreen rainforest ensembles
shows positive anomalies in the Equatorial Pacific region and negative anomalies in the South
Atlantic and South Pacific equatorial Oceans (Figure 2e). Furthermore, SST difference
patterns between savanna and tropical seasonal rainforest produce positive anomalies in the
Equatorial Pacific, and negative anomalies in the North Atlantic and North Pacific Equatorial
Oceans and the South Atlantic and South Pacific Equatorial Oceans (Figure 2f).

The relationship between SST and transitional vegetation in the Amazon forest under
global warming scenarios can be best addressed through a statistical analysis of the patterns of
variability. This spatial variation in SST is based on a series of bi-dimensional correlations
between 10 future patterns of SST and Amazonian vegetation types (tropical evergreen
rainforest, tropical seasonal rainforest and savanna) estimated from different SST scenarios
for 2011-2050. These data are analyzed for 1200 years (3 ensembles x 10 SST patterns x 40
years) (Figure 3).

It has been well documented that anomalous warming or cooling of SST over the
surrounding Pacific and Atlantic basins plays an important role in changes in precipitation in
the Amazon region (e.g., Ronchail et al., 2002; Marengo, 1992; Yoon and Zeng, 2010). For
example, an anomalously southward migration of the ITCZ during May—June 2009, due to the
warmer than normal surface waters in the tropical South Atlantic, was responsible for
abundant rainfall in large regions of eastern Amazonia from May to July 2009 (Marengo et
al., 2011). The model demonstrates that tropical South Atlantic SSTs are positively correlated
with rainfall in tropical evergreen rainforest and tropical deciduous (Figure 3a-b), and are
negatively correlated with precipitation in the savanna region (Figure 3c). This means that the

development of tropical evergreen rainforest and tropical deciduous rainforest over the
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Amazon region is associated with anomalously warm SSTs in the tropical South Atlantic, and
that the development of the savanna is associated with anomalously cold SSTs.

A warming of the tropical Atlantic in the north relative to the south leads to a
northwestwards shift in the ITCZ and compensating atmospheric descent over Amazonia.
Tropical North Atlantic SSTs exert a large influence on dry season rainfall in western
Amazonia. For example, the Amazonian drought in 2005 was associated the persistent warm
anomaly in the tropical North Atlantic that caused a delay onset of the South American
monsoon (Cox et al.,, 2008). Our analysis of the probabilities of annual occurrence of
Amazonian vegetation types shows that North Atlantic SSTs are negatively correlated with
tropical evergreen rainforest and savanna (Figure 3a,c), and positive correlated with tropical
deciduous forest (Figure 3b).

Simulations for the 21th century show a strong tendency for the SST conditions
associated with the 2005 drought to become much more common. In other words, the North
Atlantic region will warm more rapidly than the South Atlantic leading to a northwards
movement of the ITCZ and suppression of July—October rainfall in western Amazonia (Cox et
al., 2008). If this happens, climatic conditions will produce long dry seasons of the
characteristics associated with the tropical deciduous rainforest environment. In the CCM3-
IBIS model, drought resistant deciduous plants (including tropical deciduous trees, grasses)
are assumed to respond to changes in the net canopy carbon budget. The mean (using a 10-
day running average) net photosynthesis rate calculated by IBIS becomes negative (indicating
that leaf respiration now exceeds gross photosynthesis) due to leaf loss (Kucharik et al.,
2000).

In 2010, the drought over the Amazon Rainforest started in early austral summer
during EI Nifio and subsequently intensified as a consequence of the warming of the tropical
North Atlantic (Marengo et al., 2011). The warming of SST along the tropical North Atlantic
and equatorial of the Pacific during the 2010 drought, as measured by rainfall deficit, affected
an area 1.65 times larger than the 2005 drought. Moreover, the decline in greenness during the
2010 drought spanned an area that was four times greater and more severe than in 2005.
Notably, 51% of all drought-stricken forests showed greenness declines in 2010 compared to
only 14% in 2005. Overall, the widespread loss of photosynthetic capacity of Amazonian
vegetation due to the 2010 drought may represent a significant perturbation to the global
carbon cycle (Xu et al., 2011).

Previous studies have shown that rainfall patterns over the northern part of the

Amazon change significantly depending on the phase of El Nifio-Southern Oscillation
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(ENSO) (Kousky et al., 1984; Ropelewski and Halpert, 1987). By extension, ENSO also an
important plays role in the vegetation types in the Amazon rainforest. The probabilities of
annual occurrence of tropical evergreen rainforest over the Amazon forest region are
positively correlated with SST in the North Subtropical and Equatorial Pacific regions
(proportional to the PDO and ENSO face) (Figure 3a). However, the probability of annual
occurrences of the savanna and tropical seasonal forest are negatively correlated with SST

anomalies in the Equatorial Pacific (Figure 3b,c).

4. Conclusions

Forecasting of vegetation cover under climate change scenarios at a regional scale is
important for effective land use planning, adaptation and mitigation measures. The results of
this study using the CCM3-1BIS coupled model clearly demonstrate the significant influence
of SST on precipitation patterns and, therefore, the dynamics of Amazonian vegetation over
time. Thus, the incorporation of the SST patterns in the coupled climate-vegetation models is
clearly important for improving projections of future vegetation cover in this region.

The probabilities of occurrence of the vegetation types in the Amazon rainforest is
linked to anomalous warming or cooling of SST over the surrounding ocean basins of the
Pacific and Atlantic. SSTs are especially important in the tropics because the atmosphere is
sensitive to the oceanic and continental surface conditions, which greatly influence the
variability of the climate. Our quantification of the potential changes in vegetation under
global warming in first half of 21th century predicts a suite of changes that favor an increase
in tropical seasonal rainforest and a decrease in both tropical evergreen rainforest and savanna

vegetation.
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Sintese

Com este trabalho pretendeu-se estudar as mudancas na estrutura da vegetacdo na
Ameérica do Sul em funcéo de diferentes cenarios de clima para a primeira metade do século
XXI, em particular considerando diferentes padrées de TSM. Objetivos principais eram 0s
seguintes:

o Quantificar a incerteza nas previsdes da vegetacdo para América do Sul
causada por diferentes padrbes de TSM.

o Avaliar a influéncia da variabilidade espago-temporal da TSM sobre a
dindmica da vegetacdo na América do Sul.

o Por fim, investigar os impactos da TSM sobre a vegetacdo na Amazonia.

A presente tese enquadra-se na climatologia da Ameérica do Sul, a qual tem como
objetivo principal a analise da variabilidade futura dos padrGes de TSM e a procura das suas
causas potenciais na vegetacdo. A climatologia privilegia a escala espacial regional e as
escalas temporais sazonais, anuais e decadais. O passo de tempo normalmente utilizado é
médias anuais. Nesta escala temporal uma fonte importante da variabilidade vem das
interacBes do sistema oceano-atmosfera-biosfera, pois os processos fisicos sdo mais lentos na
variabilidade da TSM e vegetacdo, sendo mais evidentes na escala decadal.

O ponto fulcral deste trabalho foi a previsdo dos padrGes de vegetacdo em relacao as
mudancas climaticas na escala regional em resposta do aumento esperado do CO,
privilegiando, sobretudo, as incertezas da projecdo do modelo climatico na cobertura da
vegetacdo, e a correlacdo entre os padrdes de TSM e as varidveis dos ecossistemas. Contudo,
a validagdo do modelo CCM3-IBIS ndo foi esquecida, mas teve um menor grau de
aprofundamento. Neste contexto, a analise dos dados de TSM no comportamento de Varios
ecossistemas na América do Sul, com énfase maior na Amazénia, é a principal meta do
trabalho.

A TSM foi o parametro central deste estudo e para a explicacdo da sua interacdo na
America do Sul foram ainda utilizados parametros da atmosfera (precipitacdo) e de estrutura e
dindmica da vegetacdo (NPP, LAI e PFTs), a fim de diagnosticar impactos climéaticos que
influenciam o estado da vegetagcdo sobre a regido. Para verificar a capacidade do modelo

CCM3-IBIS em reproduzir o clima durante o periodo em estudo na América do Sul, a
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sazonalidade da precipitacdo da simulagdo de controle foi comparada com seis diferentes
bancos de dados climaticos. A andlise da variabilidade sazonal da precipitacdo foi feita em
varios ecossistemas na América do Sul, regides de diferentes caracteristicas climaticas. Os
resultados da precipitacdo simulada pelo CCM3-IBIS mostraram que estdo de acordo com 0s
seis bancos de dados climaticos. Uma descri¢do detalhada do modelo IBIS é mostrada no
Apéndice A.

O diferencial deste trabalho é o uso do modelo totalmente acoplado biosfera-atmosfera
(CCM3-IBIS) sendo forcado por padrdes de TSM e gases de efeito estufa, com intuito de
aprimorar o conhecimento da relacdo clima-vegetacdo na América do Sul. Para estudar este
assunto, esta tese foi dividida em trés capitulos, e a conclusdo de cada capitulo é resumida
abaixo.

O capitulo 1 demonstra como as diferentes previsdes da TSM até 2050 aumentam a
incerteza associada com as previsdes da distribuicdo dos principais ecossistemas da América
do Sul. A precisdo exata de padrdes de vegetacdo sob as mudancas climéaticas em escala
regional ou global em resposta ao aumento esperado do CO, € um pré-requisito vital para o
planejamento efetivo do uso do solo, medidas de adaptacdo e mitigacdo. No entanto, tais
simulagcbes complexas, inevitavelmente, geram grandes incertezas, especialmente onde
pequenas mudancas no clima podem levar a grandes transi¢cdes no ecossistema. As simulacfes
indicam que ndo é possivel prever com robustez uma cobertura vegetal de uma area
equivalente a 28% da América do Sul (5 x 10° km2), e os resultados nas regides central e
nordeste do Brasil € especialmente incerto, com a vegetacdo variando de savana, e pastagem
para caatinga. Esse estudo € pioneiro em destacar e estimar algumas das incertezas associadas
a esse processo de previsdo ambiental na América do Sul.

O capitulo 2 investiga as correlagbes entre a variabilidade da TSM e vegetacdo em
diferentes regides da América do Sul. Os resultados demonstram claramente a influéncia
significativa que a TSM pode desempenhar na dindmica dos ecossistemas terrestre. Este
estudo prevé que o aumento das emissdes de CO, na atmosfera sera acompanhado por
mudanca na precipitacdo, e com grande possibilidade das condicGes climaticas causarem
mudancas notaveis na composicao e estrutura da vegetacdo regional. No cerrado brasileiro a
vegetacdo sofrera mudancas visiveis, ficard mais densa atraves do aumento do LAI da parte
superior do dossel, tornando-se uma floresta decidua. A concluséo geral deste capitulo, mostra
que uma mudanca na TSM ¢é um fator importante na transformacéo/conservacéo da estrutura

da vegetacdo da América do Sul.
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O capitulo 3 investiga os impactos da TSM sobre a vegetacdo na Amazonia, testando a
hipotese de que as mudangas na estrutura da vegetacdo na Amazoénia sdo uma consequéncia
de uma interacdo oceano-atmosfera-biosfera. Os resultados mostram que as probabilidades de
ocorréncia dos tipos de vegetacdo na floresta Amazonica estdo relacionadas aos padroes de
TSM sobre as bacias oceanicas do Pacifico e Atlantico. As simulagdes mostram que certos
padrbes de TSM para 2011-2050 podem ocasionar a diminuicdo das areas de floresta tropical
e savana, e que essas areas serao ocupadas principalmente por floresta decidua.

O efeito das mudancas climaticas futuras na América do Sul, tais como incéndios
florestais, tempestades, secas severas e aumento/diminui¢cdo na produtividade da vegetacéo,
comandardo a atengdo do publico e aumentara a procura de recurso de gestdo. O aumento da
utilizacdo dos modelos sofisticados e de parametrizacdo adequadas (dinamica clima-
vegetacdo, TSM controlado) fornecera uma previsdo mais realista da vegetacdo sob as
mudancas climaticas. Os resultados aqui apresentados indicam fortemente a necessidade de
uma investigacdo mais aprofundada sobre o papel dos padrdes de TSM na vegetagdo (e
ecossistema terrestre em geral). Pesquisas futuras devem se concentrar em elucidar a natureza
no complexo de interacdo oceano-atmosfera-biosfera, se hd impactos sobre a distribuicdo da
vegetacdo e na variabilidade climatica. Outras exigéncias de estudos futuros é o
desenvolvimento de novas ferramentas matematicas e estatisticas, que permita ndo apenas
estimar o impacto do clima futuro, mas também uma melhor quantificacdo das incertezas

envolvidas nos experimentos climaticos.
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APENDICE A — Descrigdo do Modelo IBIS

O modelo IBIS foi desenvolvido para conectar explicitamente processos de superficie
terrestre e hidroldgicos, ciclos biogeoquimicos terrestres e dinamica da vegetacdo em uma
Unica estrutura de modelagem (Foley et al., 1996; Kucharik et al., 2000). O modelo inclui
representacdes de processos fisicos da superficie (incluindo transferéncia de radiagdo solar e
terrestre através do dossel, processos turbulentos, interceptacdo de agua pelo dossel,
transferéncia de massa e energia pelo dossel), fisiologia das plantas, fenologia do dossel,
diferencas de tipos funcionais de plantas, alocacdo de carbono e biogeoquimica do solo.
Todos os processos do IBIS s&o organizados em maédulos de forma hierarquica e operam em
diferentes intervalos de tempo, variando de minutos a anos, permitindo um acoplamento de
processos ecoldgicos, biofisicos e fisiologicos que ocorrem em diferentes escalas de tempo.

O modulo de superficie terrestre do IBIS simula o balango de energia, agua, carbono e
momentum entre o sistema solo-vegetagcdo-atmosfera. O modelo representa duas camadas de
vegetacdo (arvores e gramineas), oito de solo e trés de neve. Ele representa a temperatura da
superficie do solo (ou neve) e a do dossel, além da temperatura e umidade do ar dentro do
dossel. As mudancas na temperatura e umidade sdo funcGes do balango radiativo da vegetacédo
e do solo, e dos fluxos difusivos e turbulentos de calor sensivel e de vapor d’agua. Esse
maodulo usa um intervalo de integracdo de 60 minutos para capturar o ciclo diurno (Kucharik
et al., 2000).

A radiacdo solar é simulada através da aproximacdo two-stream, com calculos
separados para radiacao direta e difusa no visivel (0,4 - 0,7 um) e no infravermelho (0,7 - 4,0
um). A radiagdo infravermelha ¢ simulada como se a camada de vegeta¢do fosse um plano
semi-transparente com a emissividade dependente da densidade foliar (Foley et al., 1996;
Kucharik et al., 2000).

Os fluxos turbulentos e a velocidade do vento dentro do dossel séo modelados com o
uso de um perfil logaritmo simples, tanto acima como entre as camadas do dossel, e um
modelo difusivo simples de movimento do ar entre cada camada. Uma funcéo linear empirica
da velocidade do vento é usada para estimar a transferéncia turbulenta entre o solo (ou neve) e
o0 dossel inferior (Kucharik et al., 2000).
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A evapotranspiragdo total da superficie terrestre é a soma de trés fluxos do vapor
d’agua: evaporacao do solo, evaporagdo da dgua interceptada pelo dossel e a transpiracdo do
dossel. As taxas de evapotranspiracdo dependem da condutancia estomatica e sdo calculadas
para cada tipo de vegetacdo dentro do dossel. O modelo descreve a interceptacdo e a
precipitacdo (chuva e neve) no dossel para considerar no célculo da evapotranspiracdo
(Kucharik et al., 2000).

O IBIS usa a formulagdo multi-camadas do solo para simular as varia¢6es diurnas e
sazonais de calor e umidade nos primeiros 12m de solo. As espessuras dessas oito camadas
sdo (numa ordem que vai da superficie do solo até maiores profundidades): 0,10, 0,15, 0,25,
0,50, 1,0, 2,0, 4,0 e 4,0m. Em cada intervalo de integracdo, cada camada é descrita em termos
de temperatura do solo, contedo volumétrico de agua e conteudo de gelo. A equacdo de
Richard é usada para calcular a taxa de mudanc¢a de umidade no solo. O fluxo vertical de 4gua
é modelado de acordo com a Lei de Darcy. O balanc¢o hidrico do solo é controlado pelas taxas
de infiltracdo, evaporacdo, transpiracdo e pela redistribuicdo de agua no perfil. Todos esses
processos sao influenciados pela textura do solo e quantidade de matéria organica (Kucharik
et al., 2000).

Os processos fisioldgicos envolvidos na fotossintese e na condutancia estomaética
regulam diretamente as trocas de vapor d’agua ¢ CO; entre a vegetacdo e a atmosfera. O IBIS
assume que a fotossintese liquida dentro do dossel é proporcional a radiacdo
fotossinteticamente ativa absorvida (APAR) dentro do mesmo (Kucharik et al., 2000). A taxa
da fotossintese de plantas C3, que inclui todas as arvores e muitas herbaceas, é representada
seguindo as equacOes de Farquhar (Farquhar et al., 1980). A taxa de fotossintese bruta por
unidade de folha, A (mol CO, m™s™), é expressa como:

Ay = min(Je,Jc) 1)

onde Je e Jc (mol CO, m?s™) sdo as taxas de fotossintese limitadas pela luz e pela enzima
Rubisco, respectivamente.

A taxa de fotossintese limitada pela luz é dada por:

Je = a;Qy (+53) e

Ci+2I’

onde a3 é a eficiéncia quantica para absorcéo de CO, em plantas C3 (mol CO; Einstein™), Qp

é a densidade do fluxo de radiacdo fotossinteticamente ativa (PAR) absorvida pela folha
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(Einstein m?s™), C; é a concentragdo de CO, nos espacos intercelulares das folhas (mol mol™)
e I' é 0 ponto de compensacio para fotossintese bruta (mol mol™).

A taxa de fotossintese limitada pela enzima Rubisco é dada por:

Vin(C;=T)
[02]) (3)

Je=——F%m
Ci+Kc<1+E

onde K. e K, (mol mol™®) sdo os coeficiente de Michaelis-Menten para CO, e O,
respectivamente, e V, é a capacidade méaxima da enzima Rubisco (mol CO, m™?s™) calculado

com a seguinte férmula:
Vi = Vinax * tempvm = stresstu 4

onde Vmax € 0 valor nominal da capacidade méxima da enzima rubisco, tempvm € a funcdo de
estresse devido a temperatura e stresstu é a funcdo de estresse devido a umidade em todas as
camadas do solo.

A taxa da fotossintese de plantas C4 é definida como:
Ay =~ min(Ji,Je,Jc) (5)

onde Ji, Je e Jc sdo as taxas de fotossintese limitadas pela luz, pela enzima Rubisco e pelo

CO,, respectivamente.

Ji=a,Qp (6)
Je =Vy (7)
]C = kCl (8)

onde o4 é a eficiéncia quantica para absorcdo de CO, em plantas C4 (mol CO, Einstein™) e
k = 18.000*V,,, (mol m?s™).
A respiracio da folha, Riear (Mol CO, m?s™), é determinado por

Rleaf =YVn %)

onde vy ¢ o coeficiente de respiracdo da folha (Kucharik et al., 2000).
A taxa de fotossintese liquida é o balango entre os processos de absorgédo (Ag) e de
liberagdo (Ryear) de COy:
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An = Ag — Rleaf (10)
A taxa de respiracdo de manutencdo da biomassa dos galhos e troncos (Rsem), € das

raizes (Rroot) SA0 dadas por

Rgtem = .BstemlsapwoodCstem,if(Tstem) (11)
Ryoor = ﬁrootCroot,if(Tsoil) (12)

onde B ¢ o coeficiente da respiragdo de manutengao, Asapwood € @ fragdo viva da biomassa, Csem
e Croot S80 0 carbono contido na biomassa dos galhos (e troncos) e das raizes, respectivamente,

e f(T) é a funcédo de temperatura de Arrenhius, dada por:

£(r) = Pl ) (13)

onde T é a temperatura (°C) (dos galhos e troncos ou do solo), E, € um fator de sensibilidade
da temperatura, e T, é a temperatura de referéncia.

A condutancia estomética é calculada pela formula
mAn
Yshy0 = C_s hs+ b (14)

onde gsnz & a condutancia estomatica do vapor d’agua na folha (mol ho m%s™), C é a
concentracdo de CO, na superficie da folha (mol mol™), hs é a umidade relativa do ar na
superficie foliar, m e b sdo o grau de inclinacdo e o intercepto da relacdo condutancia-
fotossintese.

Muitas plantas possuem um ciclo anual de aparecimento de folhas (arvores deciduas,
gramineas) e da atividade fisioldgica (arvores tropicais). Esse ciclo esta relacionado a eventos
climaticos. O IBIS usa parametrizaces de fenologia baseados em algoritmos desenvolvidos
por Botta et al. (2000) que foram calibrados com medic¢des de sensoriamento remoto.

O florescimento de plantas deciduas devido a temperatura ocorre quando os graus dia
acumulados atingem um certo valor (150 graus dia para gramineas e 100 graus dia para
arvores). A queda das folhas das arvores ocorre quando: a temperatura média de 10 dias
seguidos é menor que 0° C ou a temperatura do ar estd 5° C acima da menor temperatura
média mensal. A queda das folhas das gramineas ocorre quando a temperatura média de 10
dias seguidos é menor que 0° C.

As plantas deciduas devido a seca (arvores tropicais deciduas, gramineas) respondem a

mudangas no balango de carbono do dossel. O modelo calcula a média (10 dias seguidos) da
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taxa de fotossintese liquida, se essa média for negativa (respiracdo foliar excedeu a
fotossintese bruta), o0 modelo faz as folhas cairem (Kucharik et al., 2000).

O IBIS representa a cobertura vegetal com um conjunto de tipos funcionais de plantas
(PFTs), cada PFT é caracterizado em funcdo da biomassa (carbono nas folhas, galhos e
troncos, e raizes) e do indice de area foliar (LAI). A definicdo de PFT € usada para diferenciar
varias caracteristicas importantes, incluindo a fisionomia basica (arvores, arbustos ou
gramineas), comportamento foliar (decidua ou ndo-decidua), formato da folha (largas ou
pontudas) e fisiologia (plantas C3 ou C4). A distribuicdo geogréafica de cada PFT é
determinada de acordo com o clima, considerando a tolerancia a baixas temperaturas e 0s
requisitos de graus dia (Foley et al., 1996).

Séo considerados 12 PFTs no IBIS: floresta tropical, floresta tropical decidua devido a
seca, floresta temperada, conifera temperada, floresta temperada decidua devido a
temperatura, conifera boreal, floresta boreal decidua devido a temperatura, conifera boreal
decidua devido a temperatura, arbustos, arbustos deciduos devido a temperatura, gramineas de
clima frio e gramineas tropicais.

Em cada célula do modelo, podem existir varios PFTs simultaneamente. A competicdo
entre PFTs é caracterizada pela habilidade das plantas de capturar recursos, em particular, a
competicdo por luz e pela agua. No futuro pode ser adaptada a competi¢do por nutrientes. Os
PFTs do dossel superior capturam a luz primeiro e sombreiam o dossel inferior. Entretanto, o
dossel inferior captura a umidade do solo primeiro. Assim o modelo pode simular a
competicdo entre arvores e gramineas (Foley et al., 1996).

A competicdo entre PFTs numa mesma camada do dossel (entre biomas) se da pela
diferenca do balanco anual de carbono resultante de estratégias ecoldgicas distintas, como
diferencas na fenologia, no formato da folha e na fisiologia (Kucharik et al., 2000).

O balanco anual de carbono para cada PFT € calculado somando os fluxos horéarios de
carbono (fotossintese bruta e os termos de respiragdo de manutengdo). A producdo primaria
bruta (GPP) de cada PFT i € calculada no final de cada ano como:

GPPL == ng,idt (15)

onde a integracéo é feita para o ano inteiro.

A producdo primaria liquida (NPP) de cada PFT é determinada por:

NPPi = (1 - 77) f(Ag,i - Rleaf,i - Rstem,i - Rroot,i)dt (16)
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onde n ¢ a fragdo de carbono perdido devido a respiracdo de crescimento (Kucharik et al.,
2000).

Cada PFT é representado em funcéo de trés divisdes da biomassa: nas folhas, galhos e
troncos, e raizes. O carbono nas folhas também pode ser expresso em termos do LAl
multiplicado pela area foliar especifica. As mudancas em cada compartimento j (folhas,
galhos e troncos, e raizes) da biomassa de cada PFT i sdo descritas pela equacdo diferencial:

%% — g ,NPP, — S 17)
at Ty
onde a;j representa a fragdo do NPP anual alocado para cada compartimento da biomassa e Tij
é 0 tempo médio de residéncia (representa as perdas por mortalidade, distdrbios e substituicdo
de tecidos) de cada compartimento da biomassa.

O LAI é a razdo entre a area da superficie de folha superior total da vegetacdo e area

da superficie do solo na qual a vegetacdo cresce. No IBIS, o LAI é calculado pela soma dos

LAls da cada PFT representado pelo modelo:
LAI = ¥, cbiol; * specla; (18)

onde N é o numero de PFT representados no modelo, specla € area de folha especifica e chiol
é o carbono no reservatorio de biomassa de folha, calculado pela formula:

1

1
chiol = chiol * e< ““”eaf) + Qpeqs * taljeqp * max(0, aynpp) * [1 — e< t““leaf>] (19)

onde taujer € 0 tempo de retorno do carbono nas folhas, aje.r € a fracdo de alocacao de carbono
para as folhas e aynpp é a NPP total anual.

As mudancas do C nos reservatorios de biomassa sao dadas pelas seguintes formulas:

outcrs = min(decomps * krs * clitrs, clitrs) (20)
outcws = min(decompl * kws * clitws, clitws) (21)
outcls = min(decompl * kls * clitls, clitls) (22)
outcnb = min(decomps * knb * csoislon, csoislon) (23)

outcpb = min(decomps * kpb * csoislop, csoislop) (24)
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onde outcrs, outcws e outcls sdo as quantidades de C saindo dos reservatorios de carbono
estrutural de raizes, madeira e folhas, respectivamente. outcnb é o fluxo de matéria orgéanica
ndo protegida para a biomassa e outcpb é o fluxo de matéria organica protegida para a
biomassa. krs, kws e kls sdo as constantes de decomposi¢do para o0s reservatorios de liteira
estrutural de raizes, madeira e folhas, respectivamente. kpb e knb sdo as mesmas constantes,
porém para a matéria organica protegida e ndo protegida, respectivamente. decomps € um
fator de decomposicdo de matéria organica do solo e decompl é um fator de decomposicao de
liteira.

A equacdo basica de alocagdo de carbono é:

& = 4,NPPyy — < - 5C, (25)

dt Tr

onde C; € 0 estoque de carbono, a, é o coeficiente de alocacéo, T é 0 tempo de e & ¢ a taxa de

disturbios (incéndios, insetos, pastoreio, etc.).

No IBIS, o carbono fixado pela fotossintese pode ser alocado em trés diferentes
compartimentos das plantas: folhas (ajeaf, Tiear), galhos e troncos (astem, Tstem) € raizes (aroot,
Troot). Tanto 0s tempos de residéncia como os coeficientes de alocacdo sdo fixos. O somatério
Qleaf + Astem + Aroot € igual a 1. Esses coeficientes possuem incertezas e é comum o ajuste deles
para a calibracdo do modelo, mas a soma dos coeficientes de alocacdo devera ser sempre 1.
Devido a dificuldades de parametrizacdo da taxa de distarbios, ela ndo é considerada como
padrdo no IBIS. A Tabela 1 mostra os coeficientes de alocacdo e os tempos de residéncia
definidos no IBIS como o padréo para cada PFT.

O IBIS representa a distribuicédo vertical do sistema radicular de acordo com a equacgéo

proposta por Jackson et al. (1997):

1-p¢
y(d) = pimar (25)
onde Y (d) € a fragdo de raizes finas entre a superficie e a profundidade do solo d, dmax é a
profundidade méaxima do solo e £, € um pardmetro de distribuicdo de raizes finas.

O IBIS permite o aumento da biomassa microbiana como uma funcdo direta da
quantidade de substrato disponivel. O crescimento microbiano e a taxa de mineralizagdo do
nitrogénio sdo dependentes da textura do solo. O carbono da biomassa microbiana é mantido
separado do carbono oriundo do solo. A atividade microbiana é dependente da fungéo

Arrenhius e da agua contida nos poros. Sdo usados perfis de raizes, que permitem que 0s
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valores de umidade e temperatura do solo sejam ponderados de acordo com a localizagédo
aproximada da maioria da biomassa de carbono e microbiana (Kucharik et al., 2000).

O codigo do IBIS é disponibilizado gratuitamente e esta escrito em Fortran 77.

Tabela 1 — Coeficiente de alocagdo e tempos de residéncia utilizados no IBIS para cada

compartimento de cada PFT.

PFT Qleaf Aroot Astem Tleaf T root Tstem
anos anos anos
Floresta tropical 0,30 0,20 050 1,00 1,0 25
Floresta tropical decidua 0,30 0,20 050 1,00 1,0 25
Floresta temperada 0,30 0,20 050 1,00 1,0 25
Conifera temperada 0,30 040 030 2,00 1,0 50
Floresta temperada decidua 0,30 0,20 050 1,00 1,0 50
Conifera boreal 0,30 040 0,30 2,50 1,0 100
Floresta boreal decidua 0,30 0,20 050 1,00 1,0 100
Conifera boreal 0,30 0,20 050 1,00 1,0 100
Arbustos 045 040 015 1,50 1,0 5
Arbustos deciduos 045 035 020 1,00 1,0 5
Gramineas de clima frio 045 055 0,00 1,50 1,0 -
Gramineas tropicais 045 055 000 1,25 1,0 -

Fonte: Kucharik et al., 2000.



