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Abstract

Recent climate and vegetation modeling suggest that the Amazon rainforest could exhibit considerable dieback during the coming century as a result of global climate change (Cox et al., 2000; Betts et al., 2004; Cox et al., 2004; Scholze et al., 2006), a prediction that has raised considerable interest as well as controversy.  In order to test these conclusions, and to determine the likelihood and cause of such changes, we analyzed the output of 15 models from the Intergovernmental Panel on Climate Change Forth Assessment Report (IPCC AR4, 2007) and results from a dynamic vegetation model VEGAS forced by these climate output. Our results suggest that the core of the Amazon rainforest should remain largely stable. However, the periphery, notably the southern edge, is in danger of drying out towards the end of this century. 
There are two factors that drive this change. First, soil moisture in the southern Amazon decreases in response to a decline in precipitation of 24% during the dry season.  This occurs despite an increase in precipitation during the wet season, due to the nonlinear response of terrestrial hydrology to the large seasonal rainfall variation. Two dynamical mechanisms may explain the lower dry season precipitation: a stronger north-south tropical Atlantic sea surface temperature gradient and a warmer equatorial eastern Pacific Ocean.  These factors may combine to create a stronger subsidence zone, during the dry season, when the southern Amazon is under the control of the subtropical high pressure.  Stronger subsidence would hinder precipitation. Secondly, evaporation will increase due to the general warming, thus also reducing soil moisture. As a consequence, the median of the models projects a reduction of vegetation by 20%, and enhanced fire carbon flux by 10-15% in the southern Amazon, surrounding central Brazil and parts of the Andean Mountain range, resulting in a more savanna like state. Because the southern Amazon is also under intense human influence, the double pressure of deforestation and climate change may subject the region to dramatic changes in the 21st century.  
1. Introduction
An earlier coupled climate-carbon cycle model study from the Hadley Centre (Cox et al., 2000) projected a dieback of the Amazon rainforest towards the end of this century. This work generated considerable interest and controversy. The interest is partly because the Amazon rainforest is the largest rainforest in the world, and a region of great biodiversity.  The region has also been under the pressure of deforestation. A possible susceptibility to human-induced climate change would impose additional danger.

Controversy surrounding this work comes from several grounds. For instance, other similar models do not show such wide-spread conversion of rainforest to savanna, and instrumental and proxy records show that the Amazon rainforest was relatively stable throughout the 20th century, and in the geological past, such as during ice ages (Bush et al., 2004). The controversy is further clouded by the lack of a clear and convincing mechanism, both in climate change and ecosystem response, that could lead to such a dieback.  At first glance, the data actually suggests the opposite of a dry out: the Intertropical Convergence Zone (ITCZ), which encompasses the Amazon’s atmospheric convection center, is believed to become stronger in the future due to a more vigorous hydrological cycle driven by global warming.  Thus, we expect more rainfall over the Amazon. On the ecological side, the large rainfall amount of over 2000 mm*yr^-1 in the core Amazon Basin supplies abundant water, it is believed that the limiting factor for forest growth there is not water, but sunlight (Nemani et al., 2003).
The recently available IPCC AR4 climate simulations under specified emissions scenarios provide a golden opportunity to examine the issue with multiple models. The initial global analysis from the IPCC report does not show rainfall reduction in the Amazon basin (IPCC 2007; Fig.1a). Surprisingly, when forced by climate projections from these same IPCC models, a dynamic vegetation model, LPJ, predicts an increase in ecosystem risks such as fire in the Amazon (Scholze et al., 2006). How is it possible that more precipitation drives higher fire risk? We hypothesized that the culprit may be the interaction between a changing climate and some nonlinearities in hydrology and ecosystem dynamics.
Here we analyze 15 IPCC AR4 models for their projected changes in precipitation, temperature, soil moisture, sea surface temperature (SST) and other relevant climate variables for the Amazon and surrounding regions. One focus is on the seasonality of such changes because much of the Amazon basin has distinct wet and dry seasons associated with the progression of the ITCZ rain-band back and forth across the Equator (Zeng, 1999). We hypothesize that any possible drying may be seasonally dependent, and that ecosystem vulnerability is most robust during the dry season, as suggested by studies of short-term drought in the Amazon (Zeng et al., 2008; Marengo 2008). We also assess the hydroecosystem response to these projected climate changes using a dynamic vegetation and terrestrial carbon cycle model VEGAS (Zeng, 2003; Zeng et al, 2004; Zeng et al., 2005). 
2. Results

2A. Seasonally-dependent climate change
Our results tell no simple story in answering the question as to whether the Amazon will dry out in the future. The median annual rainfall is projected to increase across much of the Amazon basin and South America (Fig. 1a), dominated by increased rainfall during the wet season (December-March) (Fig. 1b). However, the dry season (May-September) shows a clear decrease in rainfall in the southern Amazon, extending into Brazil and neighboring countries (Fig. 1c). 
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To better describe the seasonal characteristics, we decided to specifically target the southern part of the Amazon rainforest (between 65º W and 50º W longitude and 20º S to 5º S latitude; partially outside the Amazon drainage basin) as this is the region undergoing the most intense change. The median of the IPCC A1B emissions scenario models suggests that in the Southern Amazon region, temperature will have increased by 3-4 ºC by the year 2100 (Fig. 2a).  In addition, the region will have become wetter by more than 0.1 mm*d^-1 (Fig. 4a).  However, while the temperature change is fairly uniform from month to month, the increase in precipitation is not spread equally throughout the year. In fact, during the driest time of the year in the Southern Amazon, precipitation is expected to decrease.  Also, during the wet season, precipitation is expected to increase rather dramatically, by over 0.3 mm*d^-1, as predicted by the median of IPCC models (Fig. 2a). In contrast, the dry season change is less than 0.1 mm*d^-1. Interestingly, the maximum decrease occurs in the transition months of May and October, whereas the driest months of June-August have miniscule reduction because the climatological rainfall is already very low. This feature is typical, although not all models behave this way (Fig.A.1). As a result, the annual total rainfall actually increases.
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Figure 2 (a):  Absolute changes in precipitation and temperature from the 20th to the 21st Century broken down by month for the median of the IPCC models.  Change in precipitation is in blue, change in temperature is in red.  Note the decline in precipitation during the dry season (yellow) and increase in precipitation during the wet season (blue). (b): Percentage change in precipitation from the 20th to the 21st Century.  Note the large decrease in relative precipitation amount during the dry season (yellow).
At first glance, this result would suggest that there is no need to worry about a drying in the Amazon. However, the dry season rainfall reduction becomes prominent when viewed as percentage change. The median southern Amazon rainfall decreases by 24% (Fig. 2b, 3a) with some areas declining by as much as 40% (Fig.1c). Out of the 15 models, 11 models show significant rainfall reduction in the dry season, two have little change, and two models show moderate increase (Fig. 3a). In contrast, the wet season has a median increase of 5%, and the individual models are less consistent than during the dry season, 9 models becoming wetter and 6 models become drier (Fig.3b).
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Figure 3: Individual model precipitation change for the dry season (above) and wet season (below) for the coming century.  The majority of models suggest a drying of the dry season, and a wettening of the wet season.  The median of these models is shown in blue, the mean in orange.  Green dots denote increase in precipitation, purple dots a decline.  Models suggesting a change close to zero have open circles.

2B. Hydrological and ecosystem response  
The most important linkage between climate and ecosystem health is soil moisture. The soil moisture computed from the median of the models has similar spatial structure to that of the change in dry season precipitation (Fig. 1d).  This happens despite the fact that wet season precipitation change is larger than precipitation change during the dry season. Hence, the change in soil moisture suggests that the amount of precipitation during the dry season is more important to ecosystem health than net rainfall alone. Several nonlinearities in the system may be important here. Wet season soil moisture is near saturation, so that any excess rainfall mostly drains away as runoff, as evidenced by the high Amazon streamflow in late spring shortly after peak rainfall (Zeng, 1999; Zeng et al., 2008). In contrast, the dry season rainfall is mostly used to recharge the already low soil water content, thus it has a disproportionately large impact on soil moisture.
Another major effect is increased evaporation due to the general warming under climate change. A 3-4 ºC warming in the Amazon would significantly increase evaporative demand, regardless of precipitation change. This effect alone would reduce soil moisture. Such long-term changes can be seen clearly in Fig. 4, with annual median precipitation, temperature and evaporation increasing, but soil moisture decreasing.
A drier soil, coupled with a warmer climate lead to dramatic changes in the ecosystem. By the end of the 21st century, the median model predicts a decrease in soil moisture by 4%, a decrease of leaf area index (LAI) by about 1 (from about 5), and an increase in land to atmosphere carbon flux due to fire by 6 g*(m2*y)^-1 (from about 45 g*(m2*y)^-1) on an annual basis (Fig. 4). Here, another nonlinearity is responsible for the much larger response in vegetation than in soil moisture because the drier dry season puts greater stress on vegetation at the most vulnerable time of the year (Zeng 2008).  
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The spatial distribution (Fig. 5) of 21st century changes shows wide spread loss of vegetation as LAI decreases by over 15% in the southern Amazon, and even up to 20% in some areas. These areas also have significantly increased fire by the end of the 21st century. Alarmingly, fire risk also spreads high into the Andean Mountains from Bolivia to Peru and Colombia, apparently driven by the lowered soil moisture (Fig. 1d). These changes in vegetation are broadly consistent with a similar work using a different dynamic vegetation model LPJ (Scholze et al., 2006), suggesting potentially major changes in the southern Amazon due to a drier dry season despite the overall precipitation increase.
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Figure 5: Absolute change in ecosystem variables from the 20th Century (1961-1990)    to the 21st Century (2070-2099) for (a) Fire; (b) LAI 

2C. SST and dynamical mechanisms
Our analysis has singled out the importance of dry season precipitation change. The question naturally arises as to the robustness and mechanisms of such changes. The opposite change during the wet season, suggests that complex factors may be in play. We have identified two aspects of potential importance: SSTs in the tropical Atlantic and Pacific oceans, as well as tropical atmospheric circulation dynamics.
In recent years, the IPCC models have come to a general agreement that under global warming, the equatorial Pacific Ocean will be more El Nino like, i.e., the eastern Equatorial Pacific will be permanently warmer than it was during the 20th century (Meehl et al., 2006). It has long been known that such warm SST anomalies associated with El Nino suppress rainfall over the Amazon (Ropelweski and Halpert, 1987). A similar warm SST anomaly, relative to a background warming, is clearly seen in the median model (Fig.1d) and could contribute to the reduced rainfall over the Amazon, especially in some models (Cox et al., 2000). However, El Nino-induced rainfall change tends to be concentrated in lower Amazon (Ropelweski and Halpert, 1987; Zeng et al., 2008). 
The reduced dry season rainfall may be more related to changes in the tropical Atlantic Ocean. The change in the Atlantic SST is very robust as all 15 models show a warmer North Atlantic compared to the South Atlantic (Fig. A.2). Note that this figure is not an absolute change in sea surface temperature, but the change in SST relative to the change in the tropical mean.  This is done because in the future SST’s will increase everywhere, but what is more important to demonstrate for our purposes is the relative change in SST’s between the Equatorial Atlantic (0ºN, 12ºN, 18ºW 48ºW) and the Southern Atlantic (15ºS, 30ºS, 10ºW, 30ºW) ocean.  This is due to the fact that circulation patterns in the region will change based upon the Atlantic SST-gradient.

This Atlantic SST-Amazon rainfall linkage has recently been identified during an unusual drought in 2005 when a warm subtropical North Atlantic suppressed rainfall by moving the ITCZ northward (Zeng et al., 2008). The subsidence generated by this northward shifted, strong ITCZ would lead to drying in the southern part of the Amazon. Dynamically, this Atlantic SST gradient influence is not unlike the global ITCZ/Hadley circulation mechanism discussed below, except that it involves localized changes.

Under climate change, the ITCZ is expected to become stronger and narrower due to warming-enhanced vigorous convection. Correspondingly, the subtropical dry zones will become drier and broader. This feature is one of the most robust precipitation signals in the IPCC AR4 (IPCC, 2007) (Fig. A.4). There has been no simple dynamic explanation so far but it could involve simply a stronger subsidence generated by the stronger ITCZ, stronger vertical stratification due to tropospheric warming, or enhanced moisture divergence (Neelin et al., 2006).

The question then becomes whether the region in question is part of the ITCZ convection band with upward motion that generates rainfall, or a part of the subtropical atmospheric subsidence zone, where rainfall is generally suppressed. Climatologically, during the dry-season, the southern Amazon and central Brazil lie at the western edge of a subtropical high pressure zone between the Equatorial Amazon convection center and the South Atlantic Convergence Zone (SACZ), which draws moisture from the tropics into southern hemisphere midlatitude storm systems. As a result, dry season rainfall in this region is as low as 1 mm*d^-1 (Fig. A.3). 
Thus, during the dry season, the southern Amazon and central Brazil are essentially part of the subtropical dry zone, and it is the subtropical drying mechanisms discussed above that are responsible for causing the reduced rainfall. In contrast, during the wet season, (southern hemisphere summer), the tropical convection center moves southward, and the southern Amazon is within the ITCZ, thus we expect more wet-season rainfall under global warming. This seasonal distinction in the subtropics has global applicability as can be seen clearly in the seasonal migration of the tropical wet band (ITCZ) and subtropical dry zones (Fig. A.4 IPCC 2007).
3. Discussion and conclusion
Regional climate changes predicted by previous generations of models had been highly uncertain, but the recent improvement and understanding of the IPCC climate models have allowed us to reach broad agreement in a number of key world regions. This enabled us to identify a relatively robust signal and mechanisms for change in the southern Amazon, and to shed light on the important yet controversial issue of Amazon dieback.
Our analysis highlights the sensitivity of the tropical climate system to seasonal changes. The movement of the narrow tropical convection centers leads to large seasonal variation because a region can be influenced by the ITCZ in one season, and by the subtropical dry zone in another.  Indeed, this is also a basic feature of the monsoons (Lau and Zhou, 2003). As a result, climate change may manifest itself differently in different seasons, and in fact in opposite directions, as in the southern Amazon case. This also suggests the need to further understand the seasonal climatology of IPCC climate models.
The dry season rainfall decrease is relatively small in its absolute magnitude compared to the increase in the wet season, yet the strong response in vegetation suggests highly nonlinear processes in the system. One nonlinear process is in terrestrial hydrology as dry season precipitation is mostly used to recharge soil moisture, while a larger proportion of wet season precipitation goes into runoff (Fig. 4H). On the ecological side, the rainforest ecosystem has adapted to a short dry season by deep root water uptake, but is susceptible to long-lasting drought.  This was shown during the 2002-2005 Amazon drought (Zeng, 2008), and most dramatically by a multi-year precipitation-shielding experiment in the Amazon (Nepstad et al., 2008) in which trees started to die after a few years of artificially reduced precipitation. Taking these facts into account, a main lesson we have learned is that tropical wet-dry ecosystems are most vulnerable to perpetual dry season drought, analysis of climate projections must consider the impacts on seasonality in detail.

An effect that is not represented in these IPCC models is a possible feedback from the loss of vegetation, whether through deforestation or from climate change. Past studies on deforestation and desertification have suggested that marginal regions may be particularly sensitive to land-surface changes (Dickinson and Henderson-Sellers 1987; Shukla et al., 1990; Charney 1975; Zeng et al., 1999). Surface degradation leads to higher albedo, reduced evaporation and other changes during the dry season, and the southern Amazon during its dry season may see further rainfall reduction when these processes are considered.
These biome changes will have a dramatic affect on biodiversity, the carbon cycle and the economies of the region. Because the southern Amazon is also under intense human influence, the double pressure of deforestation and climate change may put the region under heightened levels of stress in the coming century.  

4. Modeling Tools Utilized
The IPCC models are multi-model ensembles, run with radiative forcings estimated for the twentieth century and the SRES A1B scenario for twenty-first century change. The models included are: Centre National de Recherches Meteorologiques Coupled global climate Model, version 3 (CNRM-CM3); Commonwealth Scientific and Industrial Research Organization (Australia) climate system model, version 3 (CSIRO-MK3); Max Planck Institute for Meteorology fifth-generation atmospheric general circulation model (ECHAM5); Geophysical Fluid Dynamics Laboratory, National Oceanic and Atmospheric Administration, global coupled climate model, versions 2.0 and 2.1 (GFDL-CM2.0 and GFDL-CM2.1); Hadley Centre coupled model, version 3 (HadCM3); Center for Climate System Research, University of Tokyo, Model for Interdisciplinary Research on Climate, version 3.2, medium resolution (MIROC-3.2-medres); Meteorological Research Institute, Japan, coupled global climate model, version 2.3.2a (MRI-CGCM2); National Center for Atmospheric Research Community Climate System Model, version 3 (NCAR-CCSM3); National Center for Atmospheric Research Parallel Climate Model, version 1 (NCAR-PCM1). The precipitation response of GFDL2.0 and 2.1 is very different so they are treated here as different models.

The models are interpolated onto a common grid (that of the coarsest resolution model, HadCM3) and the model median is taken at each month, at each grid cell, to form a single model median time series. The change from the late 21st century (2070-2099 average) relative to a base period climatology (1961-1990 average) is then computed as a fraction of the climatological precipitation at each point.

To represent the average model behavior, we define a ‘median model’ for each variable that takes the median value of the 15 models. This process was done for each individual variable separately. The offline VEGAS model was forced individually by the 15 model climates for variables such as precipitation and temperature for 1901-2100, and then the results are analyzed for their changes.
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Figure A.1 (A): Individual model results for change in precipitation by month for the 21st century (2070-2099) minus the 20th century (1961-1990).  Note the majority of the models agree on a drying of the dry season (May – September) as well as a wettening of the wet season (December – March). (B): Individual model results for percentage change in precipitation by month for the 21st century minus the 20th century.
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Figure A.2: Individual model results for change in the Atlantic SST gradient over the next century for the dry season.  The North Atlantic is defined as (0N,12N,18W,48W), the south is defined as (15S,30S,10W,30W) Note: The SST gradient increases for all models.  The median change in temperature gradient is shown in blue, mean in orange.
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Figure A.3 (a): Contours display 20th century rainfall in mm*d^-1.  The region where contours are in close proximity is indicative of the position of the ITCZ during the wet season.  Shading indicates the percentage change in wet season precipitation from the 20th to the 21st Century.  Note that the precipitation change is positive in the ITCZ region, negative north of the ITCZ in the subtropical dry zone. (b) Dry season rainfall climatology in contours (mm/day) with percentage change in precipitation from the 20th to the 21st century overlain.  The large purple region shows that in the coming century the subtropical dry zone (which dominates Brazil during the dry season) will expand in spatial area, and become more intense, leading to a general drying of the region.
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Figure A.4 (a): Global net change in precipitation (mm/day) from the 20th to 21st century during the Amazon dry season.  Note the expansion of the subtropical dry zones, which decreases Amazon rainfall. (b) Global net change in precipitation (mm/day) from the 20th to 21st century during the Amazon wet season.  Note the general strengthening of the ITCZ, which increases Amazon rainfall.
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Figure 1: Future changes in the Amazon and surrounding regions calculated by taking the difference (2070-2099 minus 1961-1990) for: (a) Annual mean precipitation (mm*d^-1); (b) Wet season percentage change in precipitation; (c) Dry season percentage change in precipitation.  (d) Sea surface temperature changes, with tropical mean removed and percent change in soil moisture.





B.





A.





A.





Figure 4: A time series plot showing the changes in (A) annual precipitation (mm*d^-1) (B) surface temperature (ºC) (C) evaporation (mm*d^-1) (D) Fire Carbon flux to atmosphere (g*m^-2*yr^-1) (E) Dry season rainfall (mm*d^-1) (F) percentage change in soil moisture (G) Leaf Area Index and (H) Wet Season Runoff (mm*d^-1) as forecast by the median of the IPCC models, in the Southern Amazon region from the year 1900-2100.  
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