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Abstract The present study aims at evaluating and

comparing precipitation over the Amazon in two sets of

historical and future climate simulations based on phase 3

(CMIP3) and 5 (CMIP5) of the Coupled Model Intercom-

parison Project. Thirteen models have been selected in

order to discuss (1) potential improvements in the simu-

lation of present-day climate and (2) the potential reduction

in the uncertainties of the model response to increasing

concentrations of greenhouse gases. While several features

of present-day precipitation—including annual cycle, spa-

tial distribution and co variability with tropical sea surface

temperature (SST)—have been improved, strong uncer-

tainties remain in the climate projections. A closer com-

parison between CMIP5 and CMIP3 highlights a weaker

consensus on increased precipitation during the wet season,

but a stronger consensus on a drying and lengthening of the

dry season. The latter response is related to a northward

shift of the boreal summer intertropical convergence zone

in CMIP5, in line with a more asymmetric warming

between the northern and southern hemispheres. The large

uncertainties that persist in the rainfall response arise from

contrasted anomalies in both moisture convergence and

evapotranspiration. They might be related to the diverse

response of tropical SST and ENSO (El Niño Southern

Oscillation) variability, as well as to spurious behaviours

among the models that show the most extreme response.

Model improvements of present-day climate do not

necessarily translate into more reliable projections and

further efforts are needed for constraining the pattern of the

SST response and the soil moisture feedback in global

climate scenarios.

Keywords CMIP � Amazonian precipitation � Model

evaluation � Climate change � Uncertainties

1 Introduction

The Amazon watershed is the largest on Earth. It carries

about 20 % of global freshwater discharge and the tropical

forest accounts for 10 % of the world’s terrestrial pro-

ductivity and biomass. Thus, the Amazon plays an

important role in global climate, regulating global water

and carbon cycles (Foley 2002). Considering Amazon

ecosystem relevance to global climate, the severe droughts

that have impacted the basin this last decade are of great

concern. Phillips et al. (2009) showed that the 2005

drought resulted in a loss of forest biomass, through

enhanced tree mortality and growth decline, therefore

reducing the large long-term carbon sink. In 2010, an even

more severe drought occurred, as indicated by record low

river levels in the last century (Xu et al. 2011). The rain-

forest was strongly affected, and a widespread loss of

photosynthetic capacity was observed among the major

part of the basin (Xu et al. 2011), again reducing the carbon

sink role of the Amazonian ecosystem during these par-

ticular events (Lewis et al. 2011; Potter et al. 2011).

Precipitation over the Amazon shows a strong spatio-

temporal variability on a wide range of scales. The annual

cycle is dominated by the seasonal migration of the inter-

tropical convergence zone (ITCZ). Interannual variations

are mainly driven by SST anomalies over the surrounding
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oceans. In particular, a close relationship between ENSO and

Amazonian precipitation is widely recognized in the com-

munity (Richey et al. 1989; Marengo 1992; Meggers 1994;

Uvo et al. 1998; Botta et al. 2002; Foley 2002; Li et al. 2011).

However, the 2005 drought was driven not only by El Niño,

as is often the case, but mainly by unusually warm tropical

North Atlantic (hereafter TNA) SSTs (Marengo et al. 2008,

Zeng et al. 2008, Yoon and Zeng 2009). The implication of

the TNA was also suspected for triggering the 2010 event

(Marengo et al. 2011; Lewis et al. 2011). The southern

tropical Atlantic was also highlighted as a potential source of

rainfall interannual variability (Yoon and Zeng 2009), but its

influence is mainly found during the wet-to-dry transition

season and will not be discussed hereafter. Similarly, the

influence of the North Atlantic SST on rainfall multidecadal

variability (Marengo 2004) will not be assessed given the

limited time series and the focus on the late twentieth and

twenty-first centuries (rather than on the transient precipi-

tation response) in the present study.

On climate change timescales, tropical SST patterns and

related anomalies in large-scale moisture transport are not

the only source of variability in precipitation over the

Amazon. As emphasized by Seager et al. (2010), changes

in moisture convergence (i.e. precipitation minus evapo-

ration) are ‘‘thermodynamically mediated’’ rather than

dynamically driven. They are partly explained by increased

specific humidity in a warmer climate and are therefore

dependent on the magnitude of the simulated global

warming. Moreover, changes in land surface evapotrans-

piration are also expected (Douville et al. 2012), not only

as a response of the surface energy budget to increasing

radiative forcings, but also as a consequence of potential

land surface feedbacks related to physiological and bio-

physical processes (Sellers et al. 1996; Foley et al. 2003;

Betts et al. 2004; Marengo et al. 2008).

The fourth Assessment Report of the Intergovernmental

Panel on Climate Change (IPCC AR4) was based upon sim-

ulations from the phase 3 of the coupled model intercom-

parison project (CMIP3). CMIP3 models show deficiencies in

simulating present-day precipitation over the Amazon and its

inter-annual variability (Vera et al. 2006; Dai 2006; Rojas

et al. 2006; Malhi et al. 2009). Above all, they tend to

underestimate current precipitation averaged over the basin,

partly due to the low resolution hampering models to repre-

sent finer-scale meteorological processes that are known to

intensify precipitation (Malhi et al. 2009). Besides horizontal

resolution, deficiencies in the physical parameterizations such

as deep convection or land surface hydrology can also con-

tribute to precipitation biases and associated errors in large

scale circulation (e.g. Richter et al. 2012).

In climate scenarios, CMIP3 models disagree on the fate

of Amazon precipitation at the end of the 21st century. Across

a subset of 11 models analysed by Li et al. (2006) under the

‘‘middle road’’ concentration scenario A1B, five out of ele-

ven models predicted increased precipitation, three no

change in annual mean rainfall, and three projected a drier

climate. Similar discrepancies were found by Malhi et al.

(2008) among 19 models under the more severe scenario A2.

More recently, Cook et al. (2012) analysed the scenario A1B

outputs of 24 models and found a possible (but not system-

atic) decline of the dry season precipitation in southern

Amazonia even if rainfall in the core of the Amazon basin

was projected to increase in nearly all models.

Therefore and so far, in the light of CMIP3, the future of

precipitation over the Amazon remains strongly model-

dependent. There is even more uncertainties considering

that most CMIP3 models did not include some of the

biogeochemical feedbacks at play in the Amazon (Rammig

et al. 2010). Recent studies suggested that including them

could result in a drier Amazon at the end of the twenty-first

century (Betts et al. 2004; Malhi et al. 2009). One model

even predicted a possible ‘‘dieback’’ of the Amazonian

rainforest, which turned from a net sink to a net source of

CO2 by the end of the twenty-first century, thereby rein-

forcing global warming and a regional decrease in pre-

cipitation (Cox et al. 2000, 2004). These results should

however be considered with caution (e.g. Cook et al. 2012)

and a more recent version of the same model predicts little

change in the rainforest extent (Good et al. 2012).

In the perspective of the fifth Assessment Report of

IPCC, it is timely to compare CMIP5 with CMIP3 models

for both present-day (historical simulations) and future

climates (RCP8.5 versus SRES-A2 concentration scenar-

ios) and address the following questions: (1) Is there any

improvement in the models ability to capture present-day

precipitation in terms of mean annual cycle, spatial distri-

bution and inter-annual variability?, (2) Is there any change

in the models response to climate change and any reduction

in the associated uncertainties?

Section 2 describes the observed data, the statistical

methods and the coupled climate models chosen in both

CMIP3 and CMIP5. Section 3 first evaluates historical sim-

ulations of precipitation over the Amazon in terms of mean

annual cycle, spatial distribution and inter-annual variability.

It also compares the simulated response to climate change.

Results are further discussed in Sect. 4 which provides pre-

liminary explanations for the spread in the multi-model

projections. The main conclusions are summarized in Sect. 5.

2 Data and methods

2.1 Data

The Global Precipitation Climatology Center dataset

(Rudolf et al. 2011) and the Hadley Centre HadSST
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monthly SST climatology (Rayner et al. 2003), both pro-

vided at the 1� resolution for the 1901–2009 period, were

used in this study. A subset of 13 models were chosen

among those developed by internationally recognized

research institutes that contributed to both inter-compari-

sons and had already released their CMIP5 outputs (http://

cmip-pcmdi.llnl.gov/cmip5//) at the beginning of the present

study. Description and references for each model are given

in Table 1. While most CMIP3 models did not account for

potential carbon cycle feedbacks from vegetation and soil,

an attempt has been made to select as many earth system

models as possible in CMIP5, including from the research

institutes that had provided both coupled and uncoupled

simulations.

For both CMIP intercomparisons, rainfall projections

are here based on the most severe greenhouse gas con-

centration scenario in order to maximize the signal to noise

ratio and use a single integration for each model. For

CMIP3, this was the scenario A2 proposed by the IPCC

Special Report on Emission Scenario (SRES) in which CO2

concentration reaches about 840 ppm at the end of the

twenty-first century and the radiative forcing increases by

7 W/m2 (Riahi et al. 2007). To be consistent, we chose for

CMIP5 simulations the Representative Concentration

Pathways (RCP) 8.5 which is based upon the revised and

extended storyline of the scenario A2 and characterized by

a rising radiative forcing pathway leading to 8.5 W/m2

(and about 940 ppm of CO2) in 2100 (Riahi et al. 2011).

More idealized CMIP simulations based on a 1 % increase

of CO2 concentration until four times CO2 were also con-

sidered in order to get rid of differences between the SRES-

A2 and RCP8.5 concentration scenarios. It will be thus

possible to attribute differences between CMIP3 and

CMIP5 climate projections to changes in models rather

than in scenarios. Such experiments are also useful to

isolate the possible influence of anthropogenic aerosols in

the CMIP5 RCP8.5 projections. Note that for CMIP3, only

11 out of the selected 13 models have participated in the

1 % CO2 experiment. Comparison between CMIP5 and

CMIP3 in this respect will be based on these 11 models

only.

2.2 Methods

We focus our attention to the region outlined by the black

square in Fig. 1. The present-day climatology was estab-

lished for the 1971–2000 period on the native grid of each

individual model. The ensemble mean for each CMIP exer-

cise (hereafter multi-model) was calculated after a bilinear

interpolation on a common 64 9 128 horizontal grid, i.e. a

medium (low) horizontal resolution compared to the range in

CMIP3 (CMIP5). The same treatment was applied for the

late twenty-first century climatology and climate change was

estimated as the difference between 2071–2100 and

1971–2000, respectively. In the idealized 1 % CO2 experi-

ments, climate change was simply diagnosed as the differ-

ence between two 30-year time slices chosen as years 11–40

and years 111–140 respectively, which roughly corresponds

to the same global warming as in the scenarios. Better sur-

rogates of both present-day and future climate could be

defined in such idealized experiments, using periods with

equivalent greenhouse gas radiative forcing rather than ap-

proximatively equivalent global mean temperature, but this

would not change our conclusions about the nature of the

Table 1 List of CMIP3 and CMIP5 models used in this study

Short name Originating group(s) Model version

CMIP3

Atmospheric resolution

CMIP3

Model version

CMIP5

Atmospheric resolution

CMIP5

CCCMA CCCMA (Victoria, Canada) cccma-cgcm3-1 96 9 48, L31 canesm2 128 9 64, L35

CNRM CNRM & CERFACS (Toulouse, France) cnrm-cm3 128 9 64, L45 cnrm-cm5 256 9 128, L31

CSIRO CSIRO & QCCCE (Australia) csiro-mk3-0a 192 9 96, L18 csiro-mk3-6-0 192 9 96, L18

GFDL NOAA-GFDL (Princeton, USA) gfdl-cm2-0 144 9 90, L24 gfdl-esm2 m 144 9 90, L24

GISS NASA-GISS (New York, USA) giss-model-e-r 72 9 46, L20 giss-e2-r 144 9 90, L40

INM INM (Moscow, Russia) inmcm3-0a 72 9 45, L33 inmcm4 180 9 120, L21

IPSL IPSL (Paris, France) ipsl-cm4-v1 96 9 72, L19 ipsl-sm5a-lr 96 9 96, L39

MIROC AORI & NIES & JAMSTEC (Japan) miroc-3.2 128 9 64, L20 miroc-esm 128 9 64, L35

MOHC MOHC (Exeter, UK) hadgem1 192 9 145, L38 hadgem2-es 192 9 145, L38

MPI MPIM (Hamburg, Germany) mpi-echam5 192 9 96, L32 mpi-esm-lr 192 9 96, L47

MRI MRI (Tsukuba, Japan) mri-cgcm2-3-2a 128 9 64, L30 mri-cgcm3 320 9 160, L48

NCAR NCAR (Boulder, USA) ccsm3 256 9 128, L26 ccsm4 288 9 192, L26

NCC NCC (Oslo, Norway) bccr-bcm2.0 128 9 64, L31 noresm1-m 144 9 96, L26

a Models that have no outputs available for the idealized 1 % CO2 experiments
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differences between the CMIP3 and CMIP5 scenarios.

Besides annual means, seasonal means have also been

computed to highlight contrasted behaviours between the dry

season (June to September, hereafter JJAS), and the wet

season (December to March, hereafter DJFM). Note that a

more objective definition of dry versus wet season would

have required daily instead of monthly model outputs and is

beyond the scope of the present study. Nevertheless, pro-

jected changes in the length of the dry season will be briefly

discussed in Sect. 3.2 using monthly data and an empirical

threshold of 100 mm/month (Sombroek 2001) for precipi-

tation averaged over the whole Amazonian region.

Focusing on inter-annual variability of precipitation

requires removal of the low-frequency variability in both

observed and simulated raw data. To achieve this objective,

we used a digital high-pass filter (Wallace et al. 1988)

(hereafter HPF) with a cut-off of 10 years, in order to

separate the multi-decadal (low frequency) from the inter-

annual (high frequency) timescales. The HPF was applied

at each grid point on the observed SST and precipitation for

a Maximum Covariance Analysis (MCA) (Fig. 3) and onto

regional (i.e. spatially averaged) climate indices for the

evaluation of rainfall variability in CMIP simulations

against observations (Fig. 4).

The MCA, also called Singular Value of Decomposition

(SVD) (Bretherton et al. 1992; Wallace et al. 1992) was

performed between high-pass filtered annual mean global

SST and high-pass filtered annual mean precipitation over

northern South America (Fig. 3). It can be seen as a gen-

eralization of the principal component analysis (PCA) and

it is here applied to identify pairs of coupled spatial pat-

terns that maximize the covariance between global SST

and regional precipitation. This brief analysis of the

observed interannual variability provides the basis for a

synthetic evaluation of the simulated teleconnections

between the Amazonian precipitation and the Pacific or

Atlantic tropical ocean. A more detailed analysis based on

the MCA applied on each individual model and/or on

seasonal rather than annual mean fields is beyond the scope

of the present study.

Fig. 1 Spatial distribution of climatological (1971–2000) annual mean precipitation (mm/day) in a CMIP3 and b CMIP5 models (see Table 1)

versus the observed GPCC climatology (top left panel in both a, b). The average of all the models (MULTI) is shown left of the GPCC data
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3 Results

3.1 Present-day climate

The spatial distribution of the observed annual mean pre-

cipitation (Fig. 1) shows an average rainfall of 6.2 mm/day

over the selected area. However, precipitation is unevenly

distributed within the box, with high precipitation (above

6 mm/day) over the central part of the basin and along the

eastern slopes of the Andes and less precipitation in the

southern and eastern part of the domain. Looking at the

CMIP3 ensemble mean climatology (Fig. 1a), the multi-

model mean shows a pronounced dry bias. Such a bias is

found in most models (except MOHC) and does not seem

related to the variable horizontal resolution of the atmo-

spheric models. However, the lack of high resolution is

obviously a limitation for capturing the pattern of the

precipitation climatology and particularly the orographic

influence of the Andes in western Amazonia.

As revealed by the multi-model climatology (interpo-

lated on the same horizontal grid as the CMIP3 multi-

model), CMIP5 shows a reduction in the annual and areal

mean dry bias. Such an improvement is found in all models

except CNRM and CCCMA. While some models (e.g.

INM or MIROC) also show improved precipitation patterns

with increasing resolution, many model share common

biases between CMIP3 and CMIP5. The main exception is

NCC which is the only model whose atmospheric and land

surface components have been changed rather than

upgraded between CMIP3 and CMIP5. In the NCC model,

the ARPEGE-Climat AGCM from CNRM has been

replaced by the CAM4 AGCM from NCAR. Such a change

is easily tractable in the precipitation climatology and

suggests a strong influence of the atmosphere and/or land

surface components on precipitation biases in coupled

ocean–atmosphere GCMs.

Figure 2 focuses on the mean annual cycle of monthly

precipitation averaged over the Amazonian domain (i.e.

within the black domain in Fig. 1). The multi-model

reduction in the annual mean dry bias between CMIP3 and

CMIP5 is mainly due to increased precipitation during the

wet season (DJFM). Dry season (JJAS) precipitation

remains strongly underestimated. Moreover the multi-

model spread (±1 standard deviation) and envelope (min-

imum vs maximum values) have not been reduced, thereby

confirming that most models still have serious difficulties

in simulating present-day seasonal precipitation over the

Amazon basin.

Besides a realistic present-day climatology, a pre-

requisite to reliable climate scenarios is also a reasonable

representation of interannual variability. Interannual vari-

ability of precipitation over the Amazon has been linked to

variations of SST over the surrounding tropical oceans. In

order to summarize the observed teleconnections over the

1901–2009 period, a MCA was applied between observed

annual mean HPF precipitation over northern South

America and observed annual mean HPF SST over the

global ocean.

The first mode (Fig. 3) mainly links precipitation over

the eastern Amazon basin and SSTs in the equatorial

Pacific. The SST pattern shows a strong negative anomaly

over the Equator surrounded by two positives anomalies,

which is characteristic of the cold phase of ENSO. This

pattern is associated to positive precipitation anomalies

over the Amazon basin. It is even more obvious when

DJFM (rather than annual) mean data are considered (not

shown), in line with the annual cycle of ENSO variability,

but the signal is also found beyond the DJFM season in line

with the persistence of ENSO anomalies and the possible

recycling of precipitation after the wet season through a

soil moisture—precipitation feedback.

The second mode explains a weaker fraction of the

annual precipitation variability and suggests a link with the

TNA SST. It associates a warm anomaly over the TNA to a

deficit of precipitation on the eastern part and to more

precipitation over central America. The signal is strongest

during the dry season (Yoon and Zeng 2009) and is not

totally independent from ENSO variability as suggested by

the concomitant weak SST signal found in the equatorial

Pacific (Fig. 3).

This MCA analysis clearly shows the observed domi-

nant links between Amazonian rainfall and SSTs over both

tropical Pacific and tropical Atlantic at inter-annual time-

scales. It indicates a strong influence of ENSO, while the

causality of the relationship with the TNA is less clear. If
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Fig. 2 Climatological CMIP5, CMIP3 and observed (GPCC) mean

annual cycle of monthly precipitation (mm/day) over Amazonia:

multi-model ensemble mean (thick lines) ± 1 standard deviation

(dashed lines), as well as extreme values (thin lines)
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the influence of the Pacific is broadly accepted, the role of

the TNA in inter-annual variability of precipitation has

been highlighted more recently. Nevertheless, Yoon and

Zeng (2009) showed that removing ENSO from North

Atlantic SST via linear regression resolves this causality

problem in that the residual Atlantic variability correlates

well and is in phase with the Amazon rainfall. Therefore,

this link will also be evaluated in the present study.

For the sake of brevity, we don’t apply the MCA on each

model simulations. The model evaluation is conducted on

the basis of lead/lag correlations between annual mean

precipitation time series averaged over the whole Amazo-

nian domain and monthly mean SST anomalies averaged

over the Niño3-4 and TNA domains respectively (also

shown as black rectangles in Fig. 3). The results are sum-

marized in Fig. 4. From 6 months (July, year-1) before an

anomalously dry (wet) year until August of that year (year

0), there is a strong negative correlation between Nino3.4

SSTs and year 0 annual mean precipitation, indicating that

warm (cold) SST anomalies tend to precede a dry (wet) year

in Amazonia. This is the well known El Niño/wet season

drought link. Similar results were also found by Zeng

(1999), who showed that monthly precipitation lagged

monthly Nino3.4 SST by 3–4 months. Figure 4a also sug-

gests a positive correlation with warm (cold) SSTs leading

by 12–9 months a dry (wet) year in Amazonia. The corre-

lation is however weaker and could simply reflect the 2 to

3-year peak of ENSO variability.

The signal is different for the TNA box. It starts with a

weak but significant positive correlation when SSTs are

leading rainfall anomalies by 10–3 months. The correlation

then changes sign with warm TNA SSTs linked to a

drought during the anomalous rainfall year. Hence both

observed monthly Nino3.4 and TNA SSTs are significantly

anti-correlated with Amazon precipitation during the

drought (wet) year, in line with the results shown in Fig. 3.

There is a remarkable improvement in the way the coupled

climate models represent these relationships for both loca-

tions between CMIP3 and CMIP5. On average, the CMIP5

models represent fairly well the magnitude of the correlation

and the timing of the sign change. This was much less the case

for CMIP3 models. The spread between the different models

is also greatly reduced with all the models now simulating a

drought when SSTs are high. For both SST forcing locations,

simulations from CMIP5 capture the link between precipi-

tation and SST and outperform the results from CMIP3.

3.2 Climate change scenarios

Climate change is here estimated either as the difference

between 1971–2000 and 2071–2100 using the historical

simulations and the SRES-A2 or RCP8.5 climate scenarios

(default) or as the difference between years 11–40 and

years 111–140 using the idealized 1 % CO2 experiments.

Starting with the climate scenarios, Fig. 5a shows the

absolute anomalies of the mean annual cycle of monthly

precipitation. ‘‘Anomalies’’ describe the difference

between future and present-day simulation. Both multi-

model ensemble means indicate an increase in the ampli-

tude of the seasonal cycle of precipitation at the end of the

Fig. 3 First two modes of a

maximum covariance analysis

between observed annual mean

precipitation over Amazonia

and observed annual mean SST

(HadSST) over the global ocean

based on high-pass filtered time

series over the whole twentieth

century: homogeneous vectors

of precipitation (left panels) and

homogeneous vectors of SST

(right panels). VF denotes the

explained fraction of variance

and R the temporal correlation

between precipitation and SST

expansion coefficients
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twenty-first century, with a drier dry season and a slightly

wetter wet season. CMIP5 indicates a weaker increase in

the wet season precipitation than the one projected by

CMIP3, but the dry season drying appears more intense and

persistent. This relatively robust feature is confirmed by

simple statistics about the length of the dry season, here

defined by the number of months with rainfall less than

100 mm/month (Sombroek 2001). Most CMIP5 models

project a significant lengthening with an ensemble mean

increase of about 2 weeks (Table 2a), in qualitative

agreement with the results of Cook et al. (2012) based on

the former generation SRES-A1B climate scenarios. The

chosen precipitation threshold is somewhat arbitrary and

corresponds to a dry season of 1 month in the observed

data. Note that varying it from ±20 % leads to similar

results. Besides, taking a relative threshold (here the

number of months with precipitation below the 10th per-

centile calculated over 1901–2009) also leads to a signifi-

cant lengthening of the dry season in CMIP5 simulations

(Table 2b). However, a unique precipitation threshold is

not necessarily relevant for future climate since the length

of the dry season might also being monitored by other

variables as evapotranspiration (Joetzjer et al. 2012), which

is beyond the scope of this present study.

Beyond the ensemble mean behaviour, there remains

large uncertainties within the subset of selected models, even

about the sign of the basin-scale precipitation change. Model

spread has not been systematically reduced from CMIP3 to

CMIP5 and there is still no clear response to the prescribed

radiative forcings. Note that the RCP8.5 greenhouse gas

concentration scenario is slightly more severe that the A2

scenario, which could partly explain the increasing severity

of the dry season in CMIP5. This hypothesis is not confirmed

by Fig. 5b showing the results of the idealized 1 %CO2

experiments. In this case and despite identical radiative

forcings, CMIP5 models still show a significant drying and

lengthening of the dry season, while there is no such evi-

dence in CMIP3 models when precipitation is averaged over

the whole Amazonian domain.

Moving back to the scenarios, the spatial distribution of the

seasonal mean precipitation anomalies has also changed

between CMIP3 and CMIP5. Left panels in Fig. 6 show the

model consensus defined as the percentage of models in

agreement with the sign of the multi-model mean while right

panels show the pattern of the ensemble mean anomalies.

Note that the percentage is here estimated among a subset of

only 13 models. It should be thus taken with caution and,

though widely used in the IPCC AR4, this measure of con-

sensus does not account for the full distribution of the models

(Power et al. 2012). Despite the use of a different (A2 instead

of A1B) concentration scenario and of a reduced (13 instead

of 24 models) ensemble, our CMIP3 results are consistent

with the study by Cook et al. (2012) and show a large con-

sensus on increased precipitation during the wet season

(Fig. 6a), and a moderate consensus on decreased precipita-

tion during the dry season in southwest Amazonia (Fig. 6b).

Differences between CMIP3 and CMIP5 are plotted in

the bottom panels. In line with Fig. 5a, the strengthening of

the wet season tends to vanish in CMIP5, especially in

central and eastern Amazonia, where fewer models agree

on the sign of precipitation anomalies. Conversely, there is

more consensus about a strengthening of the dry season,

particularly in the northeast of the basin. Similar differ-

ences between CMIP5 and CMIP3 models are found in the

1 % CO2 experiments (not shown) and are therefore not

due to differences in the concentration scenarios.

Fig. 4 Twentieth century lead-lag correlations between annual mean

Amazonian precipitation and monthly SSTs in the observations

(GPCC and HadSST), CMIP5 vs CMIP3 models averaged over a the

Nino3.4, and b the Tropical North Atlantic boxes. Precipitation

averaged over the box defined in Fig. 1. And Nino3.4 and Tropical

North Atlantic boxes defined in Fig. 3

CMIP5 versus CMIP3 2927
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A scatterplot of seasonal mean anomalies for individual

models in CMIP3 versus CMIP5 scenarios (Fig. 7a) pro-

vides a more comprehensive picture of the uncertainties

summarized in Figs. 5a and 6, where the multi-model

distribution is strongly influenced by a couple of models

which behave as possible ‘‘outliers’’. Indeed, looking at

DJFM anomalies (in green), all CMIP3 simulations, except

MOHC, show positive anomalies. However, looking at

CMIP5 simulations, models disagree on the sign of the

change for the wet season. This is partly due to the dif-

ferent behaviours between the eastern and western parts of

the basin (Fig. 6a). Conversely, looking at the dry season

(in red), there is more consensus in CMIP5 than in CMIP3.

The IPSL model remains the only one projecting a wetter

dry season in CMIP5 simulations. As for the ensemble

mean response, it must be here emphasized that differences

between the selected concentration scenarios (A2 for

CMIP3 vs RCP8.5 for CMIP5) have a very limited influ-

ence on the multi-model spread. This is illustrated by

Fig. 7b where CMIP5 models show a similar spread in the

idealized 1 % CO2 experiment and in the RCP8.5 climate

scenario. It highlights that uncertainties in precipitation

projections are dominated by model uncertainties and their

sensitivity to increasing concentration of greenhouse gases.

4 Discussion

What are the possible reasons for such a shift of consensus

between CMIP3/CMIP5 and the dry/wet season? A first

hypothesis is that the lack of consensus about the Amazonian

rainfall response, between and within the ensemble simu-

lations, is partly related to the lack of consensus about the

patterns and magnitude of tropical SST anomalies (e.g.

Douville et al. 2006; Cook et al. 2012). Figure 8 indeed

suggests that the regional SST response, over both the

equatorial Pacific and the TNA, remains very uncertain and

is not better constrained in CMIP5 versus CMIP3. While the

ensemble mean shows a stronger SST warming in CMIP5, in

line with the enhanced radiative forcing scenario, there are

still models that project a limited surface warming over the

tropical ocean. Such discrepancies are possible candidates

for explaining the spread in the precipitation response. As an

example (Li et al. 2011) analyzed two models (GISS-ER and

UKMO-HadCM3) that predicted opposite changes over both

the tropical Pacific and Atlantic oceans and consequently

opposite rainfall changes over the eastern Amazon.

Looking at the global distribution of the ensemble mean

SST anomalies in JJAS confirms the enhanced ocean

warming in CMIP5 versus CMIP3 (Fig. 9, left panels).

This feature is however more pronounced in the boreal

hemisphere, both for JJAS and annual mean anomalies.

This enhanced inter-hemispheric contrast could be partly

responsible for the different ITCZ response between

CMIP5 and CMIP3 projections (Fig. 9, right panels).

While both CMIP3 and CMIP5 projections highlights

enhanced zonal mean precipitation over the ITCZ, differ-

ences between CMIP5 and CMIP3 anomalies suggest an

additional northward shift in the most recent scenarios.

This feature is particularly clear over the tropical Atlantic

and could explain to some extent the enhanced JJAS

Amazonian drying found in CMIP5 projections.
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Fig. 5 CMIP5 versus CMIP3 changes in the mean annual cycle of

monthly precipitation over Amazonia (absolute anomalies mm/day):

a RCP8.5 and SRES-A2 scenarios (2071–2100 minus 1971–2000),

b 1 % CO2 increase experiments (years 111–140 minus years 11–40).

Multi-model ensemble mean (thick lines) ± 1 standard deviation

(dashed lines), as well as extreme values (thin lines) are shown for

each ensemble. Note that only 11 out of the 13 selected models are

shown in (b) due to the lack of 1 % CO2 outputs for two CMIP3

models
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For a better understanding of this contrasted behaviour

between CMIP3 and CMIP5 projections, the lower panels

in Fig. 9 can be splitted into three contributions according

to the following equation:

X5
RCP8:5 � X3

SRES�A2 ¼ X5
RCP8:5 � X5

1%CO2

� �

þ X5
1%CO2

� X3
1%CO2

� �

þ X3
1%CO2

� X3
SRES�A2

� �
ð1Þ

where X is the climatological anomaly for the selected

variable (precipitation or SST), the exponent refers to the

CMIP ensemble (either CMIP3 or CMIP5) and the index

refers to the selected experiment (either a scenario or the

idealized 1 % CO2 experiment). Eq. (1) is particularly

useful to distinguish model differences (second right-hand

term) from scenario effects (first and third right hand

terms).

Results are shown in Figs. 10 and 11 for JJAS pre-

cipitation and JJAS SST, respectively. As far as precipi-

tation is concerned, the zonal mean response shown in

Fig. 9 is a combination of differences in both models and

radiative forcings. The model effect isolated in the 1 %

CO2 experiments (Fig. 10c) shows a ‘‘W’’ tripole in the

tropics which might be interpreted as the impact of the

increased horizontal resolution in CMIP5 models. Both

model generations show a strengthening of the ITCZ in a

warmer climate (Fig. 9) but the ITCZ is sharper in the

Table 2 Mean length of the dry

season (in number of months)

for both current and future

climates

* Statistically significant

anomaly at the 5 % level using a

two-tailed Student T test

Bold values indicate positive

significant anomalies

Italic values indicate negative

significant anomalies

Models Threshold

mm/

month

CMIP3 (historical ? SRES_A2) CMIP5 (historical ? RCP8.5)

1971–2000 2071–2100 Anomaly 1971–2000 2071–2100 Anomaly

(a) Absolute

threshold

CCCMA 100 4.4 4.0 -0.33 6.5 9.4 2.90*

CNRM 100 2.2 2.0 -0.17 3.0 3.6 0.53*

CSIRO 100 5.7 6.6 0.97* 5.4 5.9 0.47

GFDL 100 6.4 6.9 0.53 5.4 5.6 0.13

GISS 100 3.0 2.5 -0.56* 3.1 3.1 0.03

INM 100 5.4 4.6 -0.84* 0.2 0.3 0.13

IPSL 100 4.4 3.1 -1.30* 4.4 3.7 -0.67*

MIROC 100 4.1 4.0 -0.13 2.2 2.5 0.30

MOHC 100 0.1 1.4 1.30* 0.1 0.8 0.73*

MPI 100 4.1 4.6 0.46* 4.3 5.0 0.77*

MRI 100 0.4 1.1 0.67* 0.2 0.9 0.73*

NCAR 100 3.4 3.3 -0.03 2.3 2.6 0.33*

NCC 100 3.1 3.1 0.03 2.9 2.9 0.00

(b) Relative

threshold

(10th

percentile

calculated

over

1901–2009)

CCCMA 48 0.9 0.6 -0.33* 1.1 4.9 3.7*

CNRM 81 1.4 1.3 -0.17 1.2 1.7 0.50

CSIRO 48 1.3 1.2 -0.03 1.1 2.0 0.9*

GFDL 30 1.3 2.1 0.80 1.1 1.3 0.23

GISS 69 1.1 0.2 -0.90* 1.0 1.6 0.60*

INM 52 1.1 0.4 -0.70* 1.0 1.2 0.20

IPSL 43 1.1 0.2 -0.9* 1.3 0.4 -0.9*

MIROC 41 1.7 2.5 0.73* 0.9 1.8 0.97*

MOHC 127 1.4 2.6 1.17* 1.3 3.7 2.33*

MPI 45 1.2 2.0 0.83* 1.5 2.2 0.70*

MRI 113 0.8 2.1 1.27* 1.2 2.4 1.17*

NCAR 74 1.2 0.8 -0.43* 1.0 1.5 0.47

NCC 44 1.1 1.0 -0.13 1.2 1.6 0.4*
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high-resolution models so that the second right-hand term

in Eq. (1) shows a tripole of negative-positive–negative

zonal mean anomalies in the tropics. The other two

contributions (Fig. 10b, d) indicate both a strengthening

and northward shift of the ITCZ, thereby suggesting that

the RCP8.5 radiative forcing is stronger and more

Fig. 6 CMIP5 versus CMIP3 changes (2071–2100 vs 1971–2000) in

the spatial distribution of seasonal mean precipitation (mm/day), wet

season (a) and dry season (b). Left panels model consensus (%)

estimated as the percentage of models which agree on the sign of the

ensemble mean change. Right panels ensemble mean change (mm/

day). The number above the right-hand corner of each plot is the

average model consensus (left panels) and mean P anomaly (right

panels) over the box outlined in black
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Fig. 7 Scatterplots of seasonal precipitation change (mm/day) in DJFM (green) and JJAS (red): a CMIP3 SRES-A2 versus CMIP5 RCP8.5

climate scenario, b CMIP5 1 % CO2 increase experiment versus CMIP5 RCP8.5 climate scenario
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asymmetric (stronger warming in the northern hemi-

sphere) than its SRES-A2 counterpart. Such a hypothesis

is confirmed by Fig. 11b and d showing an opposite lat-

itudinal SST gradient in the tropics. In contrast, the ide-

alized 1 % CO2 experiments (Fig. 11c) show similar SST

anomalies in the tropics between CMIP5 and CMIP3, but

contrasted SST anomalies in the high latitudes partly

related to an improved sea ice climatology in present-day

climate (not shown).

Therefore, the different ensemble mean precipitation

response between CMIP3 (SRES-A2) and CMIP5

(RCP8.5) is partly due to an increase in both horizontal

resolution and in radiative forcings. The latter contribution

is probably the consequence of a stronger increase in

greenhouse gas concentrations in RCP8.5, but also of a

stronger decline in the radiative cooling due to sulfate

aerosols (Wild et al. 2005), in line with a more detailed

representation of their direct and indirect effects.

Fig. 8 CMIP5 versus CMIP3 changes (2071–2100 vs 1971–2000) in the mean annual cycle of monthly SST over a the equatorial Pacific and

b the TNA: multi-model ensemble mean (thick lines) ± 1 standard deviation (dashed lines), as well as extreme values (thin lines)

Fig. 9 Global (left column), zonal (2nd column) mean distribution of

JJAS SST anomalies and zonal mean distribution of annual SST

anomalies (3rd column) (�C), and global (4th column), zonal (5th

column) mean distribution of JJAS precipitation anomalies and zonal

mean distribution of annual precipitation anomalies (6th column)

(mm/day), in (top) CMIP3, (middle) CMIP5, as well as the difference

between, CMIP5 and CMIP3 (bottom)
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Beyond the zonal mean ITCZ response, regional dis-

crepancies between CMIP3 and CMIP5 projections of

JJAS precipitation over Amazonia are dominated by model

differences (Fig. 10c), i.e. the second right-term in Eq. (1).

The zonal mean SST response hides strong zonal asym-

metries which are also important for understanding the

ensemble mean precipitation response. In the 1 % CO2

experiments (Fig. 11c), the enhanced inter-hemispheric

contrast in the zonal mean SST warming is mainly found in

the Atlantic basin, while differences in the tropical Pacific

reveal a more pronounced El Niño-like response. In line

with the improved ENSO teleconnection described in Sect.

Fig. 10 Splitting of the differences between CMIP5 (RCP8.5) and CMIP3 (SRES-A2) anomalies of JJAS precipitation (mm/day) into three

contributions as defined in Eq. (1) (see text for details)

Fig. 11 Same as Fig. 10 but for JJAS SST (�C)
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3.1, this feature which is also found in Fig. 11a could also

contribute to the significant and stronger decrease in JJAS

precipitation found in CMIP5 vs CMIP3 projections.

Focusing on CMIP5 projections, Fig. 12 shows scatter

plots of seasonal precipitation or moisture convergence

anomalies over Amazonia versus seasonal SST anomalies

over the Niño3.4 or TNA domains. During the dry season

(in red), the Pacific and Atlantic influence on spread in the

response of Amazonian rainfall is consistent with our

hypotheses about the difference between CMIP5 and

CMIP3 models. Broadly speaking, the stronger the warm-

ing of the Nino-3.4 ot TNA SST is, the dryer is the

response of P and P-E over Amazonia. This relationship

remains however relatively fuzzy and is obviously

obscured by other sources of uncertainties (e.g. the

response of deep convection and/or surface evapotranspi-

ration over Amazonia). The relationship between the pre-

cipitation and SST anomalies is even more complex during

the wet season which suggests a dichotomy among CMIP5

models that is less clear for moisture convergence and is

therefore mainly due to contrasted anomalies of evapo-

transpiration (not shown).

Moreover, the spread of the JJAS (and to lesser extent

DJFM) P-E anomalies in response to SST warming is

skewed by the peculiar behaviour of the IPSL model.

While most models project a weaker moisture convergence
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Fig. 12 Scatterplot of seasonal P (a, b) or P-E (c, d) anomalies (mm/day) over Amazonia vs seasonal SST anomalies (�C) over the Niño3.4 (a,

c) or TNA (b, d) domains for CMIP5 (RCP8.5) projections. DJFM season in green, JJAS season in red
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in the late twenty-first century, the IPSL model simulates a

substantial increase of P-E (Fig. 12c), in line with the

strong increase in precipitation found in Fig. 7. This could

be partly explained by the unusual warming simulated over

the whole tropical ocean (Fig. 13) which makes the IPSL

model a possible outlier, not only among the CMIP5

models but also comparing the recent SST warming against

the HadSST observations. This strong tropical SST

warming can favor the increase of moisture content in the

lower atmospheric layers and drive more precipitation to

the ITCZ, including over Amazonia.

Besides moisture convergence, evapotranspiration

(hereafter E) is a key component of the atmospheric

moisture budget as about half of rainfall falling over the

Amazon basin are recycled (Cox et al. 2008), with 70 % of

E coming from rainforest’s transpiration (Kumagai et al.

2005). Figure 14 shows a scatterplot of the seasonal E

versus P-E anomalies in CMIP5. It reveals that both E and

P-E contribute to the uncertainties in the response of P, but

also that a similar response in P can arise from contrasted

behaviours between E and P-E, especially during the dry

season. In JJAS, most models project a decrease in

evapotranspiration over the Amazon basin, while four

models indicate an opposite response, with the MRI and

CCCMA models showing the most contrasted behaviours.

Interestingly, MRI also shows a significant anti-corre-

lation in JJAS between moisture convergence and evapo-

transpiration at the interannual timescale, while other

models indicate no or positive correlations (Fig. 15).

Therefore, a possible reason for the atypical behaviour of

this model in Fig. 14 could be a strong competition

between E and P-E in this model. This could be related to

the lack of soil moisture control on the dry season evapo-

transpiration, which could be rather driven by the incoming

surface radiation. Decreased moisture convergence in this

model could be associated with decreased cloudiness and

thereby increased evapotranspiration. This hypothesis is

consistent with the unusual wet bias found in present-day

climate (Fig. 1), meaning that the dry season evaporation is

indeed not necessarily limited by soil moisture in this
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model. It would be interesting to compare and understand

the relative influence of soil moisture and surface radiation

on the response of surface evapotranspiration in our subset

of CMIP5 models but this is beyond the scope of the

present study.

Conversely, CCCMA shows a dramatic decrease in E

despite a limited decrease in P-E in JJAS (Fig. 14). While

this climate change behaviour is also fairly consistent with

the E versus P-E relationship at the interannual timescale

(Fig. 15), the CCCMA model is not a clear outlier in this

respect. The strong evaporation decrease at the end of the

twenty-first century is a direct result of the strong decrease

in precipitation simulated (Fig. 7) but is also partly

explained by the control of transpiration by CO2 not

present in CMIP3 (Arora et al. 2009). The new CCCMA

model is indeed a fully coupled climate-carbon earth sys-

tem model with a parameterization of photosynthesis

including the increased stomatal control of transpiration

under enhanced CO2 concentration. Such a mechanism is

however at work in other CMIP5 models and a more

detailed analysis of the surface energy and water budgets

would be necessary to assess its possible contribution to the

inter-model spread in the response of E and P.

5 Conclusions

Significant improvements have been made from CMIP3 to

CMIP5 to capture present-day precipitation over the Ama-

zon basin. The annual mean dry bias has been consistently

reduced, the spatial distribution and the seasonal cycle of

rainfall is better simulated, and the inter-annual variability

has also been improved in line with a better simulation of

the ENSO and TNA teleconnections. Nevertheless, the

twenty-first century projections remains very uncertain. The

only enhanced consensus is about the strengthening and

lengthening of the dry season, especially in the eastern part

of the basin. This robust signal is consistent with the

observed interannual variability of Amazonian precipitation

and is probably due to (1) the northward shift of the ITCZ in

line with an asymmetric inter-hemispheric warming of the

global ocean that is particularly clear in the Atlantic basin

and (2) the reinforcement of a Niño-like pattern in the

equatorial Pacific. This contrasted ensemble mean response

between CMIP3 and CMIP5 is also found in the idealized

1 % CO2 experiments and is therefore due to changes in

models rather than in concentration scenarios. Beyond the

ensemble mean response, similar mechanisms also con-

tribute to the inter-model spread within the CMIP5

ensemble. While such results confirm that interannual var-

iability and teleconnections can be useful for constraining

climate projections (e.g. Douville et al. 2006), other pro-

cesses such as the response of evapotranspiration also

contribute to the uncertainties in the projections of regional

precipitation. Additional constraints on both ocean–atmo-

sphere and land–atmosphere interactions are therefore

necessary to unravel the fate of the Amazon forest and the

related carbon cycle feedback in global climate projections.

In this respect and as a first step, understanding the

behaviour of apparent ‘‘outliers’’ could be more efficient

than accounting for the full distribution of the models’

response.
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