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[. Introduction

The Amazorbasinis a key omponent of the global carbon cycle. The-gtdwth rainforests in

the basin representstorage of 120 petagram®f carbon (PdC, equal tal20 billion metric tons

of carbon in their biomass. Annuallythesetropical forests process approximately R§ C

through respiration and photosynthesis. This is more than twice the rate of global anthropogenic
fossil fuel emissiongDirzo and Raven 2003)The basin is also the largest global repository of
biodiversity and produces about?2® f t he wo r | dwater info the aceanbfespifer e s h
the large CO, efflux from recent deforestation, th&mazon rainforestecosystemis still
considered to be a net carbon sink ofi 0.8 Pg C per yedrecausegrowth on average exceeds
mortality (Phillips et al. 2008)

However, arrent climate trendand humannduced deforestatiomay be transforming forest
structure and behavid@Phillips et al. 2009)Increasing temperatures may accelerate natspn

rates and thus carbon emissions from s@uslhi and Grace 2000)High probabilities for
modification in rainfall patterngMalhi et al. 2008)and prolonged drought stress may lead to
reductions in biomass density. Resultocigangesn evapotranspitéon and therefore convective
precipitation could further accelerate drought conditions and destabilize the tropical ecosystem
as a whole, causing a reduction in its biomass carrying capadgiiglmack In turn, changes in

the structure of the Amazon aitd associated water cycle would have implications for the many
endemic species it contains and result in chaageascontinental scaleClearly, with much at

stake, if climateénduced damage alters the state of the Amazon ecosystem, there is a need to
better understand its risk, process and dynamics.

1. OBJECTIVE

The objective of this study is to assist in understanding the risk, process and dynamics of
potential Amaza dieback and its implicationsThe task isorganizedin five activities hat
addresskey aspects of the analydisee Figurel.1): a) a modeling of future climate (end of
century) over the basin, using a higisolution model; b) an assessment of the impact of climate

on rainfall over the region; c) an assessment of biomass responsefall emomalies and
associated changes; d) an assessment of linkages between deforestation and potential for
dieback and e) on the basis of these assessmentualification of potentialeconomic
consequences described

2. SCOPE

Amazondiebackis defined as the process by which the Amabkasinloses biomass density as a
consequence of climate impactalthough there is no consensus definition on how to
characterize forestieback for purposes of this analysieductionsin biomass carbon resulting
from climate impactswhich would exceed 25% of the standing stock of carlaseconsidered
to be an indication adieback

The analysis considers that climateluced biomass response in the basin will result not only
from changes in rainfall but al$mm other factors that are linked to climate changesh asa)
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increased probabilities for prolonged drought stress which may lead to edtpasiological

stress for trees, increased tree mortality, and thus carbon emissions; b) increasing atmosphe
CO, concentrationswhich may alter the drought response of forests; c) increasing temperatures
which may accelerate heterotrophic respiration rates and thus carbon emissions; and d) resulting
changes irevapetranspirationand therefore convective mipitation could further accelerate
drought conditions and destabilize the tropical ecosystem as a whole.

The structure of the analysis is presentedrigure I.1. Results from the modeling of future
climate in the Amazobasin based orthe highresoluton atmospheric general circulation model
of the Meteorological Resezh Institute of the Japan Met®logical Agency andusing the
Earth Simulatarare reported itsection Il (Modeling future climate in the Amazon using the
Earth Simulator). It summarizes estimates of future climate extremes (usingx@sfor
extreme wet and extrendry periods), rainfall, soil dryness, runoffs and strows, under
different greenhouse gas emission trajectoriesSRES scenari® (seeexplanation of SRES
scenario®elow). The outputs of the model are used to estimate biomass resp@esgiams IV
and V. Section Il @Assessment of future rainfall over the Amazonbasin) examines the
difficulties of predicting future rainfall over the region and reviews the outputs fro@l@dal
Circulation Models GCM) used by the IPCGrom a perspective of the diby to simulate
current rainfall, akin to arfAmazon Predictiord index Section 1ll also presents probability
density functions of future rainfall based on this index @mthe ability to reproduce sea surface
temperature dipoles, for use in assessingiass response.

Section IV (Analysis of Amazon forest response to climate changpresentghe results of the
application of theLund-Potsdamlena managed Land Dynamic Global Vegetation and Water
Balance Model (PIJmL) to the outputs and the implication$ m@infall changeslt results in
estimates of future vegetati@arbonin the regionin the form of probability density functions
Finally, Section V (nterplay of climate impacts and deforestation in the Amazon)presents

the potential combined effects ofimate change and deforestation in the Amazon, using the
results of the Earth Simulator, the outputs of @enter for Weather Forecasting and Climate
Studies Global Circulation ModelsCéntro de Prevé&io de Tempo e Estudios Chtitos
CPTEC GCM and tle CPTEC vegetation modéection VI Review of impacty summarize

the type of impacts that would be expected from the anticipated changes.

3. GEOGRAPHICAL DOMAIN

Because the Amazdpasincovers a wide region subject to different stresses and condiéitbns
assessments have focused on five geographical domains (windows) defined to capture different
momentums in land us&astern Amazonia ia region continuous to Northeastern Brazil, where
somewhat drier conditions are already the norm and growingogaifenic impactcan be
observed Northwestern Amazonia ia region with little if any current direct anthropogenic
impact and relatively intact ground cov&outhern Amazonia ia region subjected to strong

land use change driverbllortheastern Brazils a region subjected to dry conditiorf3outhern

Brazil' would suffer the consequences of any change in climate in Amazeefigurel.2).

! The exact geograjital coordinates are provided in Figure 1.2.



4. DATA SOURCES

Observations: The Climate Research Unit (CRU) dataset

Observed data for air temperature (°C), goigation (mm), cloud cover (%) and the number of
wet daysat a 0.5° resolutionlatitude/longitude grid) were available for monthly timsteps
throughout the 1902003 period from the Climate Research Unit, University of East Anglia
(CRU,Newet al. 2000. These data are assumed to represeriithed state of the climate (from
the CRU TS 3.0 archivehttp://www.cru.uea.ac.uk/cru/data/kirgerim/). Three additioal
climatology archives were used for comparison purpdeesCMAP, GPCP and TRMM 3A25
datasets.

Greenhouse Gas Emission Trajectories (SRES scenarios)

The projectedglobal greenhouse gas emission trajectories (SRES scenarios) adopted by the
Intergovenmental Panel on Climate Change (IPCC) and used in utthfassessment report
(FAR), cover a wide range of driving forces of future emissionsluding demographic
technological and economic developments. The Amazon dieback study is based@ntie

of moderate but consistent improvements in energy efficiency and deployment of renewable
energy (called A1B)which estimate an endof-century temperature anomalycrease)f 2.8
degrees CelsiusThis hasbeen used until recently as the m@hge sceario for climate work

under the IPCC However, his scenario maye an underestimategs the current trajectory
already far surpasses the estimates used to define it. For the analysis of the inténgay be
deforestation and climate changbe Amazon Dieback reportuses two more scenariosne

where fossil fuels remain predominaA2) andone with a greater penetration of renewable and
more significant gains in energy efficiendyl), with respective net increases in temperatfre

3.4 to 1.8 degreedSelsiusrespectivelythat provide a widesetof estimates than A1B

IPPC AR 4 Coupled General Circulation Models

Climate outputswere available from th€oupled General Circulation Models (CGCMs) that
participated in the Coupled Model Intercomparisaojétt 3 (CMIP3; coupled atmosphere
ocean models) carried out ftre IPC® $ourth Assessment Report (IPCC 2007). These data
comprise the output from 24 climate modelggilable ahttps://esq.linl.gov:8443/

High-resolution GCM data

In addition, supehigh-resolution (20 km) and higresolution (60 km) temperature, precipitation
and cloud cover simulationsom the Meteorological Research Institute (MRI) and Japan
Meteorological Agency (JMA)AGCM using the Edh Simulator were available for three
periods: The 1972003 period represents the present climate conditionsr{@itiong. Scenario
output for future conditions under the SRESB emission scenario is available for the 2015
2039 period (near futur®l conditiong andthe 2075 2099period(far future, Fconditiong.

2These are the CPC Merged Analysis of Precipitatior2years (1972007) on a 2.5° lat/lon gritCMAP: Xie
and Arkin 199), the GPCP On®egree Daily Precipitation Data Set for 10 years (12987) on a 1.Dlat/lon grid
(GPCP: Huffman et al. 2001), the Tropical Rainfall Measuring Mission (TRMM) PR3A25 V6 dataselyéars
(1998 2006) on a 0.5° lat/lon gri(llTRMM 3A25: Iguchi et al. 2000)


http://www.cru.uea.ac.uk/cru/data/hrg-interim/
https://esg.llnl.gov:8443/

Table I.1. Projected global average surface warming and sea level rise at the end of the 21st century
according to different SRES scenarios (IPCC 2007).

Temperature change Sea level rise
(°C at 2090-2099 relative to 1980-1999) & ¢ (m at 2090-2099 relative to 1980-1999)
Best estimate Likely range Model-based range
excluding future rapid dynamical changes in ice flow
Constant year 2000
concentrations® 0.6 03-09 Not available
B1 scenario 1.8 11-29 0.18 - 0.38
A1T scenario 2.4 14-38 0.20 - 0.45
B2 scenario 2.4 14-38 0.20 - 0.43
A1B scenario 2.8 1.7-44 0.21 - 0.48
A2 scenario 3.4 20-54 0.23 - 0.51
A1FI scenario 4.0 24-6.4 0.26 — 0.59
Notes:

a

Temperatures are assessed best estimates and likely uncertainty ranges from a hierarchy of models of varying complexity as well as
observational constraints.

b) Year 2000 constant composition is derived from Atmosphere-Ocean General Circulation Models (AOGCMSs) only.

c¢) All scenarios above are six SRES marker scenarios. Approximate CO,-eq concentrations corresponding to the computed radiative
forcing due to anthropogenic GHGs and aerosols in 2100 (see p. 823 of the Working Group | TAR) for the SRES B1, AIT, B2, A1B, A2
and AT1FI illustrative marker scenarios are about 600, 700, 800, 850, 1250 and 1550ppm, respectively.

Temperature changes are expressed as the difference from the period 1980-1999. To express the change relative to the period 1850-
1899 add 0.5°C.

d

Sea surface temperature (SST)

Four different SSTs are used for future climate simulations by thknm6@nesh model. One
experiment uses the CMIP3 model ensemble SST andeselstributions as in the 20m mesh
model experiment. Second, third and fourth experiments use the SST anmhaliesraliats
Commonwealth Scientific and Industrial Research Organisatio8IRO-Mk3.0, MRI-
CGCM2.3.2 and MIROC3.2 (hires) models.

Vegetation models

Two vegetation models were used to assess biomass response to various forcings. These are the
LPJmL andthe CPTEGPVM. The LRImL is a dynamic uncoupled moddlhe advantage of
using LPImL for biomass response to climate is that it is a prbesesl modethat explicitly
simulates the accumulation and loss of carbon, and vegetation dynamics. The-CPVEGs

a static coupledmodel that simulates biome distribution (one biome per-cgl based on
bioclimatic limits. The advantagef being coupled to a climate mode$ that feedbacks of
vegetation change to the climate can be investigd#ule LPIJmL simiates biomass response,
CPVM focuses on simulation of anticipated bieawiilibrium statesThese two instruments
complement each otheA summary of the inputs, processes and outputs from each subtask is
described in Table2.



Figure I.1. Study approach
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Table 1.2. Summary of inputs, processesand outputs for each task

Task Inputs Emission Process Outputs
trajectory
High-resolution MRI-GCM data Al1B High-resolution Future climate over the basin
simulation of future (Earth Simulator) simulation to ed of projection of extreme events
climate in the century though Earth
Amazonbasin Simulator
Assessment of CMIP-3 data Al1B Use of an Amazon Projected rainfall (weighted by
future rainfall over (ensemble of 24 climate prediction model 6s abilit
the Amazorbasin  General index to aualify current climate) in the form of
Circulation CMIP-3 outputs Probability Density Functions
Models) (PDF) of future rainfall
Foresthiomass PDF results for Al1B LPJmL (dynamic Biomass response (weighted b
estimate future rainfall uncoupled vgetation rainfall prediction index); PDF
model) for future biomass
Interplay of climate CMIP-3 A2-B1 CPTECGCPVM (static Biome shifts in the Amazon

and deforestation

coupled vegetation
model)

basin
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Figure 1.2. GeographicalDomains Eastern Amazonia (EA; 2.5°N5°S; 45°W-55°W); Northwestern
Amazonia (NA; 5°N-5°S; 60°W72.5°W); Southern Amazonia (SA; 10°S17.5°S; 50°W
65°W;Northeastern Brazil (NEB; 2.5°S-15°S; 35°W45°W; Southern Brazil (SB; 22.5°S35°S; 45°W
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Il. Modeling future climate in the Amazon using the Earth Simulator

1. THE MRI/JMA AGCM AND THE EARTH SIMULATOR

As indicated inSection |, he Fourth Assessment Report of the Intergovernmental Panel on
Climate ChangeAR4) uses a dataset of 24 global couplad@sphereocean general circulation
models (AOGCMor GCM for shor} to project future climate under various scenarios. The use

of numerousnodels is intended to reduce errors and uncertaitdywever, most of these models

have a very coarse resolution Qi@00km) and this has an undesirable impact on results,
particulaty as it relates to extreme weather evemtss is because global warming would result

not only in changes in mean climate conditions but also in increases in the amplitude and
frequency ofextreme events that would not be captured in a meaningful way with coarse
resolutions Moreover changes in extremes are more important for assessing adaptation
strategies to climate changes. Therefore, a high spatial resolution model is required to study
extreme weather events and to project their intensity and frequency for adaptation studies and
measures.

The Meteorologcal Reseah Institute of the Japan Meteorological AgencyMRI/IJMA)
atmosphericGCM is a supehigh resolution atmospheric general giation model with a
horizontal grid size of about 20 km (Mizuta et al. 2006), offering an unequalegdsghlution
capability. The use of theupercomputer alled the Earth Simulator made this supagh
resolution modés longterm simulation possible. The atmospheric GCM gdadal hydrostatic
atmospheric general circulatiomodel developed by the MRMA. This model is an operational
shortterm numerical weather prediction model of JMA and part of the-gexération climate
models for longterm climate simulation at MRThe data generated by the Earth Simulator was
made available under thiwe-year Memorandum of Understanding between MRI and the World
Bank.

Although the global 2&km model is unique in terms of its horizontal resolution for global
change studies with aimtegration period up to 25 years, available conmgupower is still
insufficient to enable ensemble simulation experiments and this limits its application to a single
member experiment. To address thimitation, parallel experiments with lower resdhut
versions of the same model (B, 126km and 186&km mesh) were performed. In particular,
ensemble simulationsith the 6Gkm resolution have been performed and compared with the 20
km version for this study.

The MRFGCM was used to project climate the Amazonbasinto mid-century (20352049)
andto theend of the 21st century (207Z099) and compared these projections to the present
(1979 2003) undescenaricA1B,* which projects a temperature increase of betweearid3.5
degres Celsius by the &d of the centuryThe analysis was done primarily to assess rainfall,

®Todayo6s emissi on well above jheAlB scengri Thesefora, this scandrip may no longer
represent a plausible future

12



runoffs and extreme eventsand to estimate the anticipated impactstream flowsinduced by
climate changeResults on rainfall, moisture and evaporation are also reported and later
compared with other model outputs in subsequent sections of the rEpersimulations were
performed at a grid size of about 20 km and routinely compared wiimgfesh ensemble runs

to ascertain robustnesA detailed description of the model and itgfpemancein the 10-year
preserdday simulation with sea surface temperature (aMh)be found in Mizuta et al. (2006).

2. COMPARISON OF OBSERVED AND SIMULATED DATA, FOR PRESENT TIME, OVER THE
AMAZON BASIN

Seasonal mean precipitation reproduced in itmellation is evaluated against available observed
data Figure 1.1 shows the geographical distribution of Deceiifbeloruary (DJF) averaged for

a 25year period (1972003) of mean precipitation for 180n, 126km, 60km and 26km
resolutions Observationshow large seasonal mean precipitation in the austral summer over the
Amazonbasin The IntertropicalConvergence Zone (ITCZ) over the tropical Atlantic, and the
South Atlantic Convergence Zone (SACZ) to the southeast of the Brazilian Ptealsowell
reproducedThe precipitation maximum over the Amazon tends to locate norttofvesiserved

data.

Figure 11.1. Geographical distributions of Decembet February (DJF) mean rainfall (mm d™)
over the Amazonbasin. Plots (ad) correspond to datasets of atual observations; Plot (e) is
180-km model, (f) 126km model, (g) 66km model and (h) 20km MRI -GCM model.
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Figure 11.2. Geographical distributions of June-August (JJA) mean rainfall (mm d*) over theAmazon
basin. Plots (ad) correspond to datasets of actual observations; (e) 18m model, (f) 1286km model, (g)
60-km model and (h) 20km MRI -GCM model.
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There are no distinct differences in laigEale patterns of precipitation with different horizint
resolutionsFigure 11.2 shows the JuhAugust (JJA) mean precipitation climatology of the four
observedSST datasets and the model at different scaleging this season, a major rain area
moves northward and large precipitation is found over nortSBeuth America while it is very
dry over Northeastn Brazil and Southern Amazonia. Southern Brazil is covered with a rainy
area extending from the South Atlantic. Thearth Simulatorreproduces these rainfall
distributiors quite well

3. PROJECTION OF FUTURE CLIMATE OVER THE AMAZON BASIN

3.1 Rainfall

Projected changes at the end of the 21st century {2099) were compared to the present
(1979 2003). An overall pattern of precipitation change simulated by thé&r20and 66km
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