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Abstract

Some recent climate modeling results suggested a possible dieback of the Amazon
rainforest under future climate change, a prediction that raised considerable interest
as well as controversy. To determine the likelihood and causes of such changes,
we analyzed the output of 15 models from the Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC/AR4) and a dynamic vegetation model VE-
GAS driven by these climate output. Our results suggest that the core of the Amazon
rainforest should remain largely stable as rainfall is projected to increase in nearly
all models. However, the periphery, notably the southern edge of the Amazon and
further south in central Brazil, are in danger of drying out, driven by two main pro-
cesses. Firstly, a decline in precipitation of 22% in the southern Amazon’s dry season
(May-September) reduces soil moisture, despite an increase in precipitation during the
wet season, due to nonlinear responses in hydrology and ecosystem dynamics. Two
dynamical mechanisms may explain the lower dry season rainfall: (1) a general sub-
tropical drying under global warming when the dry season southern Amazon is under
the control of the subtropical high pressure; (2) a stronger north-south tropical Atlantic
sea surface temperature gradient, and to lesser degree a warmer eastern equatorial
Pacific. Secondly, evaporation demand will increase due to the general warming, fur-
ther reducing soil moisture. In terms of ecosystem response, higher maintenance cost
and reduced productivity under warming may also have additional adverse impact. The
drying corresponds to a lengthening of the dry season by 11 days. As a consequence,
the median of the models projects a reduction of 20% in vegetation carbon stock in the
southern Amazon, central Brazil, and parts of the Andean Mountains. Further, VEGAS
predicts enhancement of fire risk by 10-15%. The increase in fire is primarily due to
the reduction in soil moisture, and the decrease in dry season rainfall, which is when
fire danger reaches its peak. Because the southern Amazon is also under intense hu-
man influence as a result of deforestation and land use, added pressure to the region’s
ecosystems from climate change may subject the region to profound changes in the
21st century.
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1 Introduction

A coupled climate-carbon cycle model study projected a major dieback of the Ama-
zon rainforest towards the end of this century under global warming, with much of the
Amazon forest replaced by savanna (Cox et al., 2000, 2004; Betts et al., 2004; Hunt-
ingford et al., 2008). That work generated considerable interest as well as controversy.
The interest is partly because the Amazon is the largest rainforest in the world, a large
carbon reserve, and a region of great biodiversity. The region has also been under
the pressure of deforestation which, at current rates, could eliminate 40% of the Ama-
zon forest by 2050 (Soares et al., 2006). A possible susceptibility to human-induced
climate change would impose additional danger (Malhi et al., 2008). Due to the poten-
tial for large changes in carbon stocks in this region, the Amazon has been listed as
a potential tipping element that may lead to a climate change surprise (Lenton et al.,
2008).

Controversy surrounding this work comes from several grounds. For instance, some
other similar models do not show wide-spread conversion of rainforest to savanna
(Cowling and Shin, 2006; Schaphoff et al., 2006). Instrumental and proxy records
show that the Amazon rainforest was relatively stable throughout the 20th century, and
in the geological past, such as during glacial times and the Holocene warm period
(Baker et al., 2004; Malhi and Wright, 2004; Bush and Silman, 2004; Mayle et al.,
2004). The controversy is further clouded by the lack of a clear and widely-accepted
climate driver and ecosystem response/feedbacks that could lead to such a dieback. At
first glance, simple arguments would suggest a wetter Amazonia: It is believed that the
Inter-Tropical Convergence Zone (ITCZ), which encompasses the atmospheric convec-
tion center over the Amazon, will become stronger in the future due to a more vigorous
hydrological cycle driven by global warming (Held and Soden, 2006). Thus, one may
expect more rainfall over the Amazon. On the ecosystem side, the large rainfall amount
of over 2000 mm y‘1 in the core of the Amazon Basin supplies abundant water. Due
to the frequent rainfall and cloudy sky, it has been suggested that the limiting factor for
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forest growth in the Amazon is sunlight, not water so that even a decrease in precipi-
tation may not necessarily have adverse effect on the ecosystem (Nemani et al., 2003;
Huete et al., 2006), although this notion has not been widely accepted either.

Another major factor complicating the issue is that the “Amazon” is not defined in the
same way across all studies. and process-level mechanisms suitable for one part of
the “Amazon” region are sometimes applied to other parts without sufficient caution.
Rainfall in the Amazon and surrounding regions can vary significantly from place to
place and over a seasonal cycle (Marengo, 1992; Ronchalil et al., 2002; Zeng, 1999).
Most notably, precipitation at the core of the rainforest (western Amazon, hereafter
WA, broadly represented by a box enclosing 76 W—65W and 10 S-5N in Fig. 1;) has
double maxima as the sun crosses the equator twice a year. In contrast, the southern
Amazon and central Brazil (box in Fig. 1; 65 W-50 W, 20S-5S hereafter SAB) has its
rainy season (December—March) in boreal winter with rainfall higher than 6 mm da ',
and a dry season (May—September) with rainfall lower than 1 mm d™'as the ITCZ and
associated land convection center move back and forth following solar heating (Fig. 1
and Fig. 13). While the WA also has lower rainfall during May-September, it is still
as high as 4mm d~'. Thus one may reason that water stress may be an important
issue affecting rainforest health in the SAB region, but it is not likely to be as critical in
western Amazon even during its ‘dry’ season.

Climate variability such as sea surface temperature (SST) changes in the eastern
Pacific Ocean associated with the El Nino-Southern Oscillation (ENSO) is known to
have a strong impact on the Amazon, but the center of impact tends to be in the east-
ern part, or the lower Amazon (thereafter EA) (Ropelewski and Halpert, 1987). Indeed,
the Hadley Centre model simulates an initial drying around the lower Amazon, akin to
typical El Nino response, consistent with the fact that the Hadley centre model projects
a strong perpetual El Nino-like state under global warming (Betts et al., 2004; Cox et
al., 2004), and this initial drying progresses further inland as global warming intensifies
and land-vegetation feedback reduces water recycling (Betts et al., 2004). In a similar
teleconnection, SST patterns in the subtropical Atlantic Ocean tend to affect precipita-
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tion in the southern and southwestern Amazon, as was seen during the 2005 drought
(Zeng et al., 2008; Marengo et al., 2008) and over the last three decades (Yoon and
Zeng, 2010).

The IPCC AR4 (IPCC, 2007) climate simulations under specified emissions scenar-
ios provide an opportunity to examine the issue of future Amazon change with multiple
models. The annually averaged global analysis from the IPCC report does not show
rainfall reduction in the Amazon basin (Meehl et al., 2007) (Figs. 2a and 11). Surpris-
ingly, when forced by climate projections from these same IPCC models, vegetation
modeling predicts an increase in ecosystem risks such as fire (Scholze et al., 2006)
and forest-savannah transition (Salazar et al., 2007) in a large fraction of the Ama-
zon. How is it possible that more precipitation drives higher fire risk and the loss of
forest? An immediate possibility is the general warming which could enhance evapo-
ration loss and reduce vegetation growth. In addition, there may be another factor: the
interaction between a changing climate and non-linearity in the hydrology and ecosys-
tem dynamics. Specifically, the drying may be seasonally dependent as suggested by
recent research (Cook and Vizy, 2008). Ecosystem vulnerability is manifested most
strongly during the dry season, as suggested by studies of short-term drought in the
Amazon (Zeng et al., 2008; Phillips et al., 2009), so dry-season precipitation may have
non-linear impacts on ecosystem health. Such hypotheses largely motivated this study.

Here we analyze 15 IPCC AR4 models for their projected changes in precipitation,
temperature, soil moisture, SST, and other relevant climate variables for the Amazon
and surrounding regions. We will focus our discussion on the behavior of the median
of these models, while showing some individual model results and inter-model ensem-
ble variation. Furthermore, we identify the mechanisms responsible for the simulated
changes, thus providing critical information on the likelihood of such changes. We
also assess the hydro-ecosystem response to these projected climate changes using
a dynamic vegetation and terrestrial carbon cycle model, with particular interest in the
nonlinear dynamics and potential feedbacks.
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2 Data and models

The IPCC models used in this study are each multi-model ensembles. Each model is
run from 1900-2100. Estimated radiative forcings were used to drive the models for
the 20th century. The SRES A1B scenario was used to simulate twenty-first century
climate. The A1B emissions scenario was selected as it is a fairly representative aver-
age of the different emission scenarios conducted by the IPCC. Scholze et al. (2006)
showed that the degree of warming is important to ecosystem response because of
the nonlinearity and potential threshold behaviors, but we chose to focus only on one
emissions scenario to limit our analysis to a manageable scope with the understanding
that more severe or benign responses are possible. The 15 models chosen are among
the most widely used by the research community, and are listed in the Appendix. The
model output was interpolated onto a common 2.5°x2.5° grid. The change from late
21th century (2070-2099 average) relative to a base period climatology (1961-1990
average) was computed. In this study, we focus on two regions: the core of the Ama-
zon rainforest (western Amazon or WA, 76 W—-65W and 10 S-5N), and the Southern
Amazon and central Brazil (SAB; 65 W-50W, 20 S-5S), as shown by boxes in Fig. 1.
We also analyzed the eastern Amazon region (EA, 65 W-50W, 5S-5N) and found
that the future precipitation change is similar in magnitude to the SAB region but be-
cause it is climatologically wetter than the SAB region (similar to WA) the vulnerability
to biome change is lower and the results are not discussed in detail here. Box averages
for many ecosystem variables in these two regions (SAB and WA) were calculated for
both the base climatology period and the future climatology. Then, the median of the
aforementioned change and that of the time series were obtained. Percentage change
in ecosystem variables relative to the base period climatology was computed for each
individual model and the median value across models was obtained in the same man-
ner. The median calculation was always done on the change in a given variable from
the 20th to the 21st centuries, not the absolute value.
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One possible drawback to using the median of output from the climate models is that
all climate models are given equal weight in the analysis, while not all models do an
equally good job in reconstructing the 20th century climatology of Amazonia. In fact,
some researchers have attempted to develop metrics which assign different weight to
the GCM'’s based upon their ability to reproduce the climatology of the 20th century
(Li et al., 2008). If we were to use this approach, it is likely that our findings that the
dry season will see a reduction in precipitation (below) would be even more robust as
those models that do a better job in simulating the climatology of the 20th century tend
to forecast a reduction in precipitation in the 21th century. However, given that the
IPCC’s analysis treats all climate models equally, there is no widely accepted criterion
to tell ‘good’ from “bad” models, and the average of climate model output tends to show
higher skill than any individual model (Reichler and Kim, 2008), we feel that giving all
models equal weighting is the most prudent choice at this stage. Nonetheless, the
inter-model variations as well as individual model behaviors will also be presented. We
chose to focus on the median of models as opposed to the mean in order to reduce the
influence of strong outliers. This process was done for each individual variable, each
grid point or each region separately.

The dynamic vegetation and terrestrial carbon cycle model VEGAS (Appendix) was
forced individually by the 15 model climates for variables such as precipitation and tem-
perature for 1901-2100, preceded by a spin-up using each climate model’s first year
output, and then the results were analyzed for their changes so that each model-forced
run was treated like an individual model while sharing the same vegetation component.

3 Spatially and seasonally dependent rainfall change

Our results reveal a complex picture in answering the question whether the Amazon
will dry out in the future. When comparing the model simulated rainfall in 2070-2099
to that of 1961-1990, median annual rainfall is projected to increase across much of
the Amazon basin and South America (Fig. 2a). This change is dominated by in-
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creased rainfall during the SAB’s wet season (December—March) (Fig. 2b). However,
during the SAB’s dry season (May-September), the models show a clear decrease
in rainfall in the southern Amazon, extending into central Brazil, northeastern Brazil
(Nordeste) and neighboring countries (Fig. 2c). In particular, the GFDL, MIROC, MPI,
and UKMO/Hadley Centre models show a greater than 25% decline in precipitation
inside the SAB region. Only GISS_ER and IPSL predict an increase in rainfall (Fig. 3).
In contrast, the western Amazon tends to have more rainfall for both seasons when
the models are averaged, but this is especially true in the SAB’s wet season (Fig. 4).
We thus focus our analysis on the southern Amazon and central Brazil region which
appears to be more of concern in terms of vulnerability.

Temperature in the SAB region is projected to increase by 3—4°C in the late 21st
century, with the largest increase at the end of the dry season (Fig. 5a). For rainfall, the
IPCC models suggest that the region will become wetter by more than 0.1 mm d~"on
an annual average basis (Figs. 5a and 8a). This is dominated by a wet season increase
of over 0.3mmd™" in the median value (Fig. 5a). However, the increase in precipitation
is not spread equally throughout the year. In fact, during the driest time of the year in
SAB, precipitation is projected to decrease, but by less than 0.1 mm da. 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. Indeed, some models have a 20th century climatological
dry season that is too dry compared to observations (not shown). As a result, there is
a lengthening of the dry season by about 11 days (Fig. 6a). This lengthening of the dry
season manifests itself not as an early drying, but mostly as a delayed onset of the wet
season, a robust feature in the IPCC models (Biasutti and Sobel, 2009). In contrast,
the WA region has slightly more rainfall during the dry season, and interestingly also
appears to show delayed onset of the wet season (Fig. 6b).

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 change suggests that dry season southern
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Amazon rainfall will decrease by 22% with some areas declining by as much as 40%
(Fig. 2c). Out of the 15 models, 11 show significant rainfall reduction in the dry season,
two have little change, and two models show moderate increase (Fig. 7a). In contrast,
during the wet season the median model predicts an increase in precipitation of 5%,
and the individual models are less consistent than during the dry season, nine models
become wetter while six become drier (Fig. 7b). Thus the most robust rainfall changes
appear to be a “drier dry season” for the SAB region, and a “wetter wet season” for the
WA region, as summarized in Table 1. We now analyze how this seasonally dependent
change in rainfall interacts with nonlinear dynamics to generate major hydro-ecosystem
responses.

4 Hydrological and ecosystem impact

One of the most important linkages between climate and ecosystem health is soil mois-
ture. The predicted change in soil moisture computed from the median of the IPCC
models has similar spatial structure to that of the change in dry season precipitation
(Fig. 2d). This happens despite the fact that wet season precipitation increases more
than dry season precipitation declines. 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 play a role here.
Wet season soil moisture is near saturation, so much of the excess rainfall will drain as
runoff (Fig. 8h). This is consistent with the observed high Amazon streamflow in late
spring shortly after peak rainfall (Zeng, 1999;Zeng et al., 2008). In contrast, a greater
fraction of the dry season rainfall is mostly used to recharge the soil water pool, thus it
has a disproportionately large impact on soil water storage and ecosystem health.
Another major effect is increased evaporation due to the general warming under
climate change. A 3—4°C warming in the Amazon would significantly increase evapo-
rative demand, regardless of precipitation change. More evaporation by itself tends to
reduce soil moisture. The fact that the models project increase in evaporation (Fig. 8c)
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despite the decrease in soil moisture (Fig. 8f), suggests the warming-enhanced evap-
orative demand is highly effective at depleting soil moisture. Additionally, the higher
temperature raises the vegetation maintenance cost, thus further reducing vegetation
growth (Zeng and Yoon, 2009).

A drier soil, coupled with a warmer climate, leads to dramatic changes in the ecosys-
tem in the SAB region. By the late 21st century, the VEGAS model, forced by the IPCC
climate model projections, shows a decrease in soil moisture by 4%, a decrease of leaf
area index (LAI) by about 1.0, a 20% change, and an increase in land to atmosphere
carbon flux due to fire from 45to 51g m~2 y_1 (13%) (Fig. 8). Here, another nonlinear-
ity is responsible for the much larger response in vegetation than in soil moisture, the
drier dry season puts greater stress on vegetation at the most vulnerable time of the
year (Zeng et al., 2008;Phillips et al., 2009). A similar nonlinearity exists with respect to
fire risk. Fire is most prevalent in the Southern Amazon near the end of the dry season
(Aragao et al., 2008; Cochrane et al., 1999). A relatively small decline in soil moisture
at the end of the dry season can increase fire risk dramatically. This occurs despite
the fact that net annual precipitation increases, as the increased rainfall occurs during
a time of year when little fire occurs anyway.

The spatial distribution (Fig. 9) of the 21st century vegetation related changes shows
wide spread loss of vegetation, beyond the area with ‘drier dry season’, and needless
to say, even more so for the area with lower annual mean precipitation (cf. Fig. 2).
LAl decreases by over 0.5 in the southern Amazon, and by more than 1.0 in central
Brazil. It is somewhat puzzling that much of the WA region also has a slight decrease in
LAI, although the soil moisture is actually somewhat higher. Here another mechanism
must have played a role, namely, the warming would increase autotrophic respiration
and plants’ maintenance cost. In addition, photosynthesis itself may decline at higher
temperatures. Across much of these regions, there is increased incidence of fire by
the end of the 21st century. Alarmingly, increased fire risk occurs high into the Andean
Mountains from Bolivia to Peru and Colombia, apparently driven by the lowered soil
moisture (Fig. 2d). An increase in LAl is seen in a small area of the Bolivian Altiplano
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(Fig. 9b), probably due to the warmer temperatures, as vegetation growth in cold,
high. mountainous regions is often limited by temperature, not rainfall. Interestingly,
this added growth provides additional fuel for fire (Fig. 9a), though it is not clear how
strong this impact is, and it requires further study.

The broad changes in vegetation are consistent with a global study, which took a
similar modeling approach, using a different dynamic vegetation model LPJ (Scholze
et al., 2006). Our analysis of the non-linear hydro-ecological response offers an ex-
planation for the major potential changes in the southern Amazon seen in the models,
despite an increase in annual precipitation.

5 Dynamical mechanisms due to SST and circulation changes

Our analysis has singled out the importance of dry season precipitation change on the
vegetation in the southern Amazon. The question naturally arises as to the robustness
and mechanisms of such changes. The fact that rainfall increases during the wet sea-
son suggests that complex factors may be at play. We have identified two aspects of
potential importance: tropical atmospheric circulation dynamics and SST changes in
the tropical Atlantic and Pacific Oceans.

A significant number of IPCC models predict that under global warming, the equa-
torial Pacific Ocean will be more El Nino like, i.e., the eastern Equatorial Pacific will
be permanently warmer relative to western Pacific than it was during the 20st century,
corresponding to a weakening of the Walker circulation (Meehl et al., 2005; Vecchi et
al., 2006). It has long been known that such warm SST anomalies associated with
El Nino suppress rainfall over the Amazon, particularly the lower Amazon (Ropelewski
and Halpert, 1987). A similar warm SST anomaly, relative to a background warming, is
clearly seen in the median model (Fig. 2d) 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 (Ropelewski and
Halpert, 1987; Zeng et al., 2008) and indeed the drying along the northeast coast of

73

South America (Fig. 2a) may be in part a result of this, but the main explanation for a
drier southern Amazon must lie somewhere else.

The reduced dry season rainfall may be more related to changes in the tropical At-
lantic Ocean (Fig. 2d). The change in the Atlantic SST gradient is very robust as all
15 models show a warmer North Atlantic compared to the South Atlantic (Fig. 10) in
the future. This change is likely due to tropical atmosphere-land-ocean interaction in
response to greenhouse warming although exactly how it arises has not been iden-
tified to our knowledge. 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; Marengo et al.,
2008; Cox et al., 2008). The subsidence generated by this northward-shifted, stronger
ITCZ would lead to drying in the southern part of the Amazon.

Another potential explanation for the decline in dry-season precipitation involves a
tropical-wide mechanism. Under climate change, the ITCZ is expected to become
stronger and narrower due to warming-enhanced vigorous convection. Correspond-
ingly, the subtropical dry zones will become drier and broader. This tendency for sub-
tropical drying is one of the most robust precipitation signals in the IPCC/AR4 climate
projections, sometimes referred to as the expansion of the Hadley Cell (IPCC, 2007;
Held and Soden, 2006) (Fig. 11). There may be many factors that contribute to this
change, but it is mostly a consequence of atmospheric humidity increase under warm-
ing following the simple Clausius-Clapeyron relation: an increase in humidity leads
to more moisture convergence, thus more rainfall in the convergence zone; and con-
versely, more moisture divergence (V-(gv), which increases as humidity g increases
exponentially with temperature), thus less rainfall in the divergence/subsidence region
(Neelin et al., 2006; Held and Soden, 2006; Seager et al., 2007). This is a change in
which “the rich gets richer and the poor gets poorer”.

The question then becomes whether the region in question is part of the ITCZ con-
vection band with upward motion that generates rainfall, or a part of the subtropical
atmospheric subsidence zone, where rainfall is suppressed. Climatologically, during
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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) (Figs. 12 and 13). As a result, dry sea-
son rainfall in this region is as low as 1 mm day'1 compared to wet season rainfall of
7mmday~" (Fig. 1).

Thus, during the dry season, the SAB is essentially part of the subtropical dry zone,
and the subtropical drying mechanism discussed above would lower the 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 dynamical mechanism
is illustrated in Fig. 13.

Because the Atlantic SST gradient change persists year round, it would also reduce
rainfall in the wet-season southern Amazon. In contrast, the wetter ITCZ/drier subtrop-
ics mechanism discussed above would lead to wetter wet season and drier dry season.
This cancellation may explain the relatively small percentage change in precipitation
during the wet season (Fig. 2b). Since the IPCC models project somewhat higher rain-
fall during the wet season (Fig. 2b; though with large scatter, Fig. 7), one may infer that
the wetter ITCZ mechanism may have somewhat stronger influence than the change
in the Atlantic SST gradient. However, during the dry season these two mechanisms
work in concert, to produce a robust drier dry season (Fig. 13).

6 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 permitted broad agreement in a number of key world regions (Meehl et al., 2007).
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 possible
Amazon rainforest dieback.
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Our results suggest that an Amazon basin-wide forest dieback is unlikely based on
multiple model results and an understanding of the underlying mechanisms. The model
that initially suggested this possibility (Cox et al., 2000) is an end member among the
15 IPCC models we analyzed and such a possibility can not be excluded. Rather than
drawing a general conclusion for the whole Amazon, we find contrasting behaviors
for different parts of the Amazon. In particular, the western Amazon, the core of the
rainforest, which is very wet even during the ‘drier’ season, will have higher rainfall
which would largely counter potential adverse effects due to warming on soil moisture
and vegetation.

However, the southern Amazon and central Brazil region may suffer major ecosystem
degradation due to climate change. There is strong agreement that the dry season will
become drier in this region in the coming century. These findings are supported by
mechanistic understanding of the relevant processes (Fig. 13), including changes in
the atmosphere and ocean in response to greenhouse warming:

1. The general subtropical drying under global warming and the seasonal movement
of the ITCZ and associated subtropical subsidence;

2. A warmer subtropical North Atlantic Ocean relative to the South; and to lesser
degree a warmer, more El Nino-like Pacific Ocean.

The resulting drier dry season interacts with land-surface hydrology and ecosystem
dynamics, leading to strong ecosystem responses. The key processes include:

1. Dry season rainfall change has a disproportionately large impact on soil moisture;
2. Loss of soil moisture due to warming-enhanced evaporative demand;
3. Higher maintenance cost and possibly reduced growth at higher temperature.

One factor that might work in the opposite direction is the CO, fertilization effect as
higher CO, concentration may stimulate vegetation productivity. Indeed, model sensi-
tivity experiments (Lapola et al., 2009) show a vegetation change similar to ours without
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CO, fertilization effect, but an increase in Amazon vegetation when it is included. Our
simulations did not include the CO, fertilization effect. This uncertainty has major im-
plications for future ecosystem response in many other regions as well (Mahowald,
2007; Zeng and Yoon, 2009). Recent research appears to support a much weaker
CO, fertilization than represented in most models especially for mature forests, though
a consensus has not been reached (Hungate et al., 2003; Field, 2001; Caspersen et
al., 2000; Luo et al., 2004; Korner et al., 2005).

Our analysis highlights the sensitivity of the tropical climate system to seasonal
changes. The movement of the 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 a basic feature of the monsoons (Lau
and Zhou, 2003). As a result, climate change may manifest itself differently in different
seasons, and sometimes in opposite directions. In the case of the southern Amazon,
a general subtropical drying mechanism and an increased Atlantic SST gradient work
together to produce a robust drier dry season, while in the wet season, these factors
work in opposite directions, resulting in a wetter wet season but with less robust agree-
ment. Similar seasonal dependence also plays a major role in the long-established
ENSO-lower Amazon linkage which tends to be locked to northern winter, and in the
recently highlighted Atlantic SST gradient-southern Amazon connection such as during
2005 (Yoon and Zeng, 2010; Marengo et al., 2008; Zeng et al., 2008).

The dry season rainfall decrease is relatively small in its absolute magnitude. The
drying corresponds to a lengthening of the dry season by 11 days, if defined as rainfall
below 1 mmd™" (Fig. 6a). Yet the strong response in vegetation suggests highly nonlin-
ear processes at play. 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. On the ecological side, the rainforest ecosystem
has adapted to a short dry season by deep root water uptake, but is more susceptible to
long-lasting drought. This was shown during the 2002-2005 Amazon drought (Zeng et
al., 2008), and most dramatically by a multi-year precipitation-shielding experiment in
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the Amazon (Nepstad et al., 2007; Fisher et al., 2007) in which trees started to die after
a few years of artificially reduced precipitation. Taking all these together, a main lesson
we have learned is that tropical wet-dry ecosystems are most vulnerable to perpetual
dry season drought, thus analysis of climate projections must consider the impact on
seasonality in detail.

An effect that is not fully represented in most 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 and vegetation changes (Shukla et al.,
1990;Dickinson and Hendersonsellers, 1988; Charney, 1975; Zeng and Neelin, 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 fully considered.

These climatic and ecological changes will have a dramatic effect on the landscape,
biodiversity, the carbon cycle and the economy of the southern Amazon and central
Brazil. Because this region is also under intense human influence, the double pressure
of deforestation and climate change will put the region under heightened levels of stress
in the coming years. In this subtropical region, the changes may manifest themselves
as large episodic events such as fire and insect outbreaks, as opposed to gradual
ecosystem transitions.

Appendix A

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 listed in the table below. Details of the model can be found at
http://www-pcmdi.linl.gov/ipcc/model_documentation/ipcc_model_documentation.php.
The models are interpolated onto a common 2.5°x2.5° grid. The change in climatol-
ogy to the late 21st century (2070-2099 average) relative to a base period climatology
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(1961-1990 average) is averaged over the southern Amazon box (shown in Fig. 1a)
is computed for all 15 models. Then, the median of the aforementioned change and
that of the time series are obtained. A fractional change (measured in %) of the base
period climatology is computed for each individual model and the median of the models
is obtained in the same manner.

To represent the average model behavior, we define a ‘median model’ for each vari-
able that takes the median of the 15 models. This process was done for each individual
variable separately at each grid point. The offline VEGAS model was forced individu-
ally by the 15 model climates for variables such as precipitation and temperature for
1901-2100, and then the results are analyzed for their changes.

The terrestrial carbon model Vegetation-Global-Atmosphere-Soil (VEGAS) (Zeng,
2003; Zeng et al., 2004; Zeng et al., 2005a) simulates the dynamics of vegetation
growth and competition among different plant functional types (PFTs). It includes 4
PFTs: broadleaf tree, needleleaf tree, cold grass, and warm grass. The different photo-
synthetic pathways are distinguished for C3 (the first three PFTs above) and C4 (warm
grass) plants. Phenology is simulated dynamically as the balance between growth and
respiration/turnover. Competition is determined by climatic constraints and resource
allocation strategy such as temperature tolerance and height dependent shading. The
relative competitive advantage then determines fractional coverage of each PFT with
the possibility of coexistence. Accompanying the vegetation dynamics is the full terres-
trial carbon cycle, starting from photosynthetic carbon assimilation in the leaves and
the allocation of this carbon into three vegetation carbon pools: leaf, root, and wood.
After accounting for respiration, the biomass turnover from these three vegetation car-
bon pools cascades into a fast soil carbon pool, an intermediate and finally a slow
soil pool. Temperature and moisture dependent decomposition of these carbon pools
returns carbon back into the atmosphere, thus closing the terrestrial carbon cycle. A
fire module includes the effects of moisture availability, fuel loading, and PFT depen-
dent resistance and captures fire contribution to interannual CO, variability (Zeng et
al., 2005b; Qian et al., 2008). The vegetation component is coupled to land and atmo-
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sphere through a soil moisture dependence of photosynthesis and evapotranspiration,
as well as dependence on temperature, radiation, and atmospheric CO,. Unique fea-
tures of VEGAS include a vegetation height dependent maximum canopy which intro-
duces a decadal time scale that can be important for feedback into climate variability; a
decreasing temperature dependence of respiration from fast to slow soil pools (Liski et
al., 1999); and a balanced complexity between vegetation and soil processes. VEGAS
has also been validated on interannual timescales in the tropics (Zeng et al., 2005a).

Acknowledgements. We acknowledge the modeling groups, the Program for Climate Model Di-
agnosis and Intercomparison (PCMDI) and the WCRP’s Working Group on Coupled Modeling
(WGCM) for their roles in making available the WCRP CMIP3 multi-model dataset. We thank
J. D. Neelin, V. Brovkin and K. Cook for discussion. This research was supported by NSF grant
ATM0739677, NOAA grants NAO4OAR4310091 and NAO4OAR4310114.

References

Adler, R. F, Huffman, G. J., Chang, A., Ferraro, R., Xie, P. P, Janowiak, J., Rudolf, B.,
Schneider, U., Curtis, S., Bolvin, D., Gruber, A., Susskind, J., Arkin, P., and Nelkin, E.:
The version-2 global precipitation climatology project (GPCP) monthly precipitation analysis
(1979-present), J. Hydrometeorol., 4, 1147-1167, 2003.

Aragao, L., Malhi, Y., Barbier, N., Lima, A., Shimabukuro, Y., Anderson, L., and Saatchi, S.: In-
teractions between rainfall, deforestation and fires during recent years in the Brazilian Ama-
zonia, Philosophical Transactions of the Royal Society B-Biological Sciences, 363, 1779-
1785, 2008.

Baker, T. R., Phillips, O. L., Malhi, Y., Almeida, S., Arroyo, L., Di Fiore, A., Erwin, T., Higuchi,
N., Killeen, T. J., Laurance, S. G., Laurance, W. F., Lewis, S. L., Monteagudo, A., Neill, D.
A., Vargas, P. N., Pitman, N. C. A,, Silva, J. N. M., and Martinez, R. V.: Increasing biomass
in Amazonian forest plots, Philosophical Transactions of the Royal Society of London Series
B-Biological Sciences, 359, 353—-365, 2004.

Betts, R. A., Cox, P. M., Collins, M., Harris, P. P,, Huntingford, C., and Jones, C. D.: The role
of ecosystem-atmosphere interactions in simulated Amazonian precipitation decrease and

80



10

15

20

25

30

10

15

20

25

30

forest dieback under global climate warming, Theoretical and Applied Climatology, 78, 157—
175, 2004.

Biasutti, M. and Sobel, A. H.: Delayed Sahel rainfall and global seasonal cycle in a warmer
climate, Geophys. Res. Lett., 36, L23707, doi:10.1029/2009g1041303, 2009.

Bush, M. B. and Silman, M. R.: Observations on Late Pleistocene cooling and precipitation in
the lowland Neotropics, J. Q. Sci., 19, 677-684, 2004.

Caspersen, J. P, Pacala, S. W., Jenkins, J. C., Hurtt, G. C., Moorcroft, P. R., and Birdsey, R.
A.: Contributions of land-use history to carbon accumulation in US forests, Science, 290,
1148-1151, 2000.

Charney, J. G.: DYNAMICS OF DESERTS AND DROUGHT IN SAHEL, Q. J. Roy. Meteorol.
Soc., 101, 193-202, 1975.

Cochrane, M. A., Alencar, A., Schulze, M. D., Souza, C. M., Nepstad, D. C., Lefebvre, P, and
Davidson, E. A.: Positive feedbacks in the fire dynamic of closed canopy tropical forests,
Science, 284, 1832—1835, 1999.

Cook, K. H. and Vizy, E. K.: Effects of twenty-first-century climate change on the Amazon rain
forest, J. Climate, 21, 542-560, 2008.

Cowling, S. A. and Shin, Y.: Simulated ecosystem threshold responses to co-varying tempera-
ture, precipitation and atmospheric CO2 within a region of Amazonia, Global Ecol. Biogeogr.,
15, 553-566, 2006.

Cox, P. M., Betts, R. A., Jones, C. D., Spall, S. A., and Totterdell, I. J.: Acceleration of global
warming due to carbon-cycle feedbacks in a coupled climate model, Nature, 408, 184—187,
2000.

Cox, P. M., Betts, R. A., Collins, M., Harris, P. P., Huntingford, C., and Jones, C. D.: Amazonian
forest dieback under climate-carbon cycle projections for the 21st century, Theoretical and
Applied Climatology, 78, 137—156, 2004.

Cox, P. M., Harris, P. P, Huntingford, C., Betts, R. A., Collins, M., Jones, C. D., Jupp, T. E.,
Marengo, J. A., and Nobre, C. A.: Increasing risk of Amazonian drought due to decreasing
aerosol pollution, Nature, 453, 212-217, 2008.

Dickinson, R. E. and Hendersonsellers, A.: Modeling tropical deforestation — A study of gcm
land surface parametrizations, Q. J. Roy. Meteorol. Soc., 114, 439-462, 1988.

Field, C. B.: Plant physiology of the "missing” carbon sink, Plant Physiology, 125, 25—-28, 2001.

Fisher, R. A., Williams, M., Da Costa, A. L., Malhi, Y., Da Costa, R. F,, Almeida, S., and
Meir, P.: The response of an Eastern Amazonian rain forest to drought stress: results and

81

modelling analyses from a throughfall exclusion experiment, Global Change Biol., 13, 2361—
2378, 2007.

Held, I. M. and Soden, B. J.: Robust responses of the hydrological cycle to global warming, J.
Climate, 19, 5686—-5699, 2006.

Huete, A. R., Didan, K., Shimabukuro, Y. E., Ratana, P, Saleska, S. R., Hutyra, L. R., Yang, W.
Z., Nemani, R. R., and Myneni, R.: Amazon rainforests green-up with sunlight in dry season,
Geophys. Res. Lett., 33, L06405, doi:10.1029/2005GL025583, 2006.

Hungate, B. A., Dukes, J. S., Shaw, M. R., Luo, Y. Q., and Field, C. B.: Nitrogen and climate
change, Science, 302, 1512—-1513, 20083.

Huntingford, C., Fisher, R. A., Mercado, L., Booth, B. B. B., Sitch, S., Harris, P. P, Cox, P. M.,
Jones, C. D., Betts, R. A., Malhi, Y., Harris, G. R., Collins, M., and Moorcroft, P.. Towards
quantifying uncertainty in predictions of Amazon “dieback”, Philosophical Transactions of the
Royal Society B-Biological Sciences, 363, 1857—1864, 2008.

IPCC: Climate Change 2007, Cambridge University Press, 2007.

Korner, C., Asshoff, R., Bignucolo, O., Hattenschwiler, S., Keel, S. G., Pelaez-Ried|, S., Pepin,
S., Siegwolf, R. T. W., and Zotz, G.: Carbon flux and growth in mature deciduous forest trees
exposed to elevated CO,, Science, 309, 1360-1362, doi:10.1126/science.1113977, 2005.

Lapola, D. M., Oyama, M. D., and Nobre, C. A.: Exploring the range of climate biome projections
for tropical South America: The role of CO2 fertilization and seasonality, Global Biogeochem.
Cy., 23, 16, Gb3003, doi:10.1029/2008gb003357, 2009.

Lau, K. M. and Zhou, J. Y.: Anomalies of the South American summer monsoon associated
with the 1997-1999 EI Nino southern oscillation, Int. J. Climatol., 23, 529-539, 2003.

Lenton, T. M., Held, H., Kriegler, E., Hall, J. W., Lucht, W., Rahmstorf, S., and Schellnhuber,
H. J.: Tipping elements in the Earth’s climate system, Proc. Natl. Acad. Sci. U. S. A., 105,
1786-1793, doi:10.1073/pnas.0705414105, 2008.

Li, W. H,, Fu, R., Juarez, R. I. N., and Fernandes, K.: Observed change of the standard-
ized precipitation index, its potential cause and implications to future climate change in the
Amazon region, Philosophical Transactions of the Royal Society B-Biological Sciences, 363,
1767—-1772, doi:10.1098/rstb.2007.0022, 2008.

Liski, J., llvesniemi, H., Makela, A., and Westman, C. J.: CO, emissions from soil in response to
climatic warming are overestimated — The decomposition of old soil organic matter is tolerant
of temperature, Ambio, 28, 171-174, 1999.

Luo, Y., Su, B., Currie, W. S., Dukes, J. S., Finzi, A., Hartwig, U., Hungate, B., McMurtrie, R. E.,

82



5

10

30

10

15

20

25

30

Oren, R., Parton, W. J., Pataki, D. E., Shaw, M. R., Zak, D. R., and Field, C. B.: Progressive
nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide, Bioscience,
54, 731-739, 2004.

Mahowald, N. M.: Anthropocene changes in desert area: Sensitivity to climate model predic-

tions, Geophysical Research Letters, 34, L18817, doi:10.1029/2007g1030472, 2007.

Malhi, Y., and Wright, J.: Spatial patterns and recent trends in the climate of tropical rainfor-

est regions, Philosophical Transactions of the Royal Society of London Series B-Biological
Sciences, 359, 311-329, 2004.

Malhi, Y., Roberts, J. T., Betts, R. A., Killeen, T. J., Li, W. H.,, and Nobre, C. A.:

Climate change, deforestation, and the fate of the Amazon, Science, 319, 169-172,
doi:10.1126/science.1146961, 2008.

Marengo, J. A.: Interannual variability of surface climate in the amazon basin, Int. J. Climatol.,

12, 853-863, 1992.

Marengo, J. A., Nobre, C. A., Tomasella, J., Oyama, M. D., De Oliveira, G. S., De Oliveira, R.,

Camargo, H., Alves, L. M., and Brown, I. F.: The drought of Amazonia in 2005, J. Climate,
21, 495-516, 2008.

Mayle, F. E., Beerling, D. J., Gosling, W. D., and Bush, M. B.: Responses of Amazonian ecosys-

tems to climatic and atmospheric carbon dioxide changes since the last glacial maximum,
Philosophical Transactions of the Royal Society of London Series B-Biological Sciences, 359,
499-514, 2004.

Meehl, G. A., Covey, C., McAvaney, B., Latif, M., and Stouffer, R. J.: Overview of the Coupled

Model Intercomparison Project, B. Am. Meteorol. Soc., 86, 89—-93, 2005.

Meehl, G. A., Stocker, T. F, Collins, W. D., Friedlingstein, P.,, Gaye, A. T., Gregory, J. M., Kitoh,

A., Knutti, R., Murphy, J. M., Noda, A., Raper, S. C. B., Watterson, I. G., Weaver, A. J., and
Zhao, Z.-C.: Global Climate Projections, in: Climate Change 2007: The Physical Science
Basis, 2007.

Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental

Panel on Climate Change, edited by: Solomon, S., and Qin, D. M. M., Chen, Z., Marquis,
M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University Press, Cambridge, UK,
2007.

Neelin, J. D., Munnich, M., Su, H., Meyerson, J. E., and Holloway, C. E.: Tropical drying trends in

global warming models and observations, Proceedings of the National Academy of Sciences
of the United States of America, 103, 6110—-6115, 2006.

83

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., Tucker, C. J., Myneni, R.

B., and Running, S. W.: Climate-driven increases in global terrestrial net primary production
from 1982 to 1999, Science, 300, 15601563, 2003.

Nepstad, D. C., Tohver, |. M., Ray, D., Moutinho, P., and Cardinot, G.: Mortality of large trees

and lianas following experimental drought in an amazon forest, Ecology, 88, 2259-2269,
2007.

Phillips, O. L., Aragao, L., Lewis, S. L., Fisher, J. B., Lloyd, J., Lopez-Gonzalez, G., Malhi, Y.,

Monteagudo, A., Peacock, J., Quesada, C. A., van der Heijden, G., Almeida, S., Amaral,
l., Arroyo, L., Aymard, G., Baker, T. R., Banki, O., Blanc, L., Bonal, D., Brando, P., Chave,
J., de Oliveira, A. C. A., Cardozo, N. D., Czimczik, C. |., Feldpausch, T. R., Freitas, M. A.,
Gloor, E., Higuchi, N., Jimenez, E., Lloyd, G., Meir, P., Mendoza, C., Morel, A., Neill, D.
A., Nepstad, D., Patino, S., Penuela, M. C., Prieto, A., Ramirez, F., Schwarz, M., Silva, J.,
Silveira, M., Thomas, A. S., ter Steege, H., Stropp, J., Vasquez, R., Zelazowski, P., Davila,
E. A., Andelman, S., Andrade, A., Chao, K. J., Erwin, T., Di Fiore, A., Honorio, E., Keeling,
H., Killeen, T. J., Laurance, W. F.,, Cruz, A. P, Pitman, N. C. A., Vargas, P. N., Ramirez-
Angulo, H., Rudas, A., Salamao, R., Silva, N., Terborgh, J., and Torres-Lezama, A.: Drought
Sensitivity of the Amazon Rainforest, Science, 323, 1344—1347, 10.1126/science.1164033,
2009.

Qian, H., Joseph, R., and Zeng, N.: Response of the terrestrial carbon cycle to the El Nino-

Southern Oscillation, Tellus Series B-Chemical and Physical Meteorology, 60, 537-550,
10.1111/j.1600-0889.2008.00360.x, 2008.

Reichler, T., and Kim, J.: How well do coupled models simulate today’s climate?, Bulletin of the

American Meteorological Society, 89, 303-311, doi:10.1175/bams-89-3-303, 2008.

Ronchail, J., Cochonneau, G., Molinier, M., Guyot, J. L., Chaves, A. G. D., Guimaraes, V.,

and de Oliveira, E.: Interannual rainfall variability in the Amazon basin and sea-surface tem-
peratures in the equatorial Pacific and the tropical Atlantic Oceans, Int. J. Climatol., 22,
1663-1686, 2002.

Ropelewski, C. F.,, and Halpert, M. S.: Global and regional scale precipitation patterns associ-

ated with the el-nino southern oscillation, Monthly Weather Review, 115, 1606—-1626, 1987.

Salazar, L. F, Nobre, C. A, and Oyama, M. D.. Climate change consequences

on the biome distribution in tropical South America, Geophys. Res. Lett,, 34,
doi:10.1029/200791029695|issn 0094-8276, 2007.

Schaphoff, S., Lucht, W., Gerten, D., Sitch, S., Cramer, W., and Prentice, I. C.: Terrestrial

84



5

10

30

biosphere carbon storage under alternative climate projections, Clim. Change, 74, 97-122,
doi:10.1007/s10584-005-9002-5, 2006.

Scholze, M., Knorr, W., Arnell, N. W., and Prentice, I. C.: A climate-change risk analysis for
world ecosystems, Proceedings of the National Academy of Sciences of the United States
of America, 103, 13116—13120, 2006.

Seager, R., Ting, M. F, Held, I., Kushnir, Y., Lu, J., Vecchi, G., Huang, H. P, Harnik, N.,
Leetmaa, A., Lau, N. C,, Li, C. H., Velez, J., and Naik, N.: Model projections of an imminent
transition to a more arid climate in southwestern North America, Science, 316, 1181-1184,
2007.

Shukla, J., Nobre, C., and Sellers, P.: Amazon deforestation and climate change, Science, 247,
1322-1325, 1990.

Soares, B. S., Nepstad, D. C., Curran, L. M., Cerqueira, G. C., Garcia, R. A., Ramos, C. A, Voll,
E., McDonald, A., Lefebvre, P., and Schlesinger, P.: Modelling conservation in the Amazon
basin, Nature, 440, 520-523, doi:10.1038/nature04389, 2006.

Vecchi, G. A., Soden, B. J., Wittenberg, A. T., Held, I. M., Leetmaa, A., and Harrison, M. J.:
Weakening of tropical Pacific atmospheric circulation due to anthropogenic forcing, Nature,
441, 73-76, 2006.

Yoon, J. H. and Zeng, N.: An Atlantic influence on Amazon rainfall, Climate Dynamics, 34,
249-264, doi:10.1007/s00382-009-0551-6, 2010.

Zeng, N.: Seasonal cycle and interannual variability in the Amazon hydrologic cycle, J. Geo-
phys. Res.-Atmos., 104, 9097-9106, 1999.

Zeng, N. and Neelin, J. D.: A land-atmosphere interaction theory for the tropical deforestation
problem, J. Climate, 12, 857-872, 1999.

Zeng, N.: Glacial-interglacial atmospheric CO2 change — The glacial burial hypothesis, Adv.
Atmos. Sci., 20, 677-693, 2003.

Zeng, N., Qian, H. F, Munoz, E., and lacono, R.: How strong is carbon cycle-climate feed-
back under global warming?, Geophys. Res. Lett., 31, L20203, doi:10.1029/2004GL020904,
2004.

Zeng, N., Mariotti, A., and Wetzel, P.: Terrestrial mechanisms of interannual CO, variability,
Global Biogeochem. Cy., 19, Gb1016, doi:10.1029/2004GB002273, 2005a.

Zeng, N., Qian, H. F,, Roedenbeck, C., and Heimann, M.: Impact of 1998-2002 midlatitude
drought and warming on terrestrial ecosystem and the global carbon cycle, Geophys. Res.
Lett., 32, L22709, doi:10.1029/2005GL024607, 2005b.

85

Zeng, N., Yoon, J. H., Marengo, J. A., Subramaniam, A., Nobre, C. A., Mariotti, A., and Neelin,
J. D.: Causes and impacts of the 2005 Amazon drought, Environ. Res. Lett., 3, 014002,
2008.

Zeng, N. and Yoon, J.: Expansion of the world’s deserts due to vegetation-albedo feedback
under global warming, Geophys. Res. Lett., 36, L17401, doi:10.1029/2009g1039699, 2009.

86



Table 1. Summary of rainfall changes projected by the 15 IPCC AR4 models, in both the wet
and dry seasons for the two regions. Boldface indicates high agreement among the models.

Dry season (May—Sep) Wet season (Dec—Mar)
Southern Amazon and Drier (12 of 15 models; Slightly wetter (9/15; median
Central Brazil (SAB) median change: —22%) change: +5%)
Western Amazon (WA) Slightly wetter (8/15) Wetter (13/15)
87

Table A1.The 15 IPCC AR4 models analyzed in this study.

Model Name Institution Country
CSIRO-MK3 Commonwealth Scientific and Industrial Research Organization Australia
ECHAM5 Max Planck Institute Germany
GFDL-CM2.0 NOAA/Geophysical Fluid Dynamics Laboratory USA
GFDL-CM2.1 NOAA/Geophysical Fluid Dynamics Laboratory USA
HadCM3 UKMO/Hadley Centre UK
HadGEM1 UKMO/Hadley Centre UK
GISS-EH NASA/Goddard Institute for Space Studies USA
GISS-ER NASA/Goddard Institute for Space Studies USA
INGV Instituto Nazionale di Geofisica e Vulcanologia Italy
IPSL-CM4 Institut Pierre Simon Laplace France
MIROC-3.2-medres  Center for Climate System Research, University of Tokyo Japan
MIROC-3.2-hires Center for Climate System Research, University of Tokyo Japan
MRI-CGCM2 Meteorological Research Institute Japan
NCAR-CCSM3 National Center for Atmospheric Research USA
NCAR-PCM1 National Center for Atmospheric Research USA
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Fig. 2. Future changes in the Amazon and surrounding regions according to the median of
15 IPCC models calculated by taking the difference between the mean of the period of 2070—
2099 and that of 1961-1990 for: (a) Annual mean precipitation (mmd™'); (b) Wet season
precipitation (%); (c) Dry season precipitation (%); (d) Annual sea surface temperature ("C)
with its tropical mean removed and annual mean soil moisture (%).
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ogy. Note the large percentage decreases in precipitation in the dry season for most models,
in contrast to the small percentage changes in the wet season.
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(black) and 21st (red) century over (a) the SAB
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cycles of ensemble mean precipitation for the 15 IPCC models in the 20th

region and (b) the WA region. For the SAB, the

21st century decrease in dry season rainfall corresponds to a lengthening of the dry season
(defined as rainfall less than 1 mm d"1) by 11 days.
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Fig. 7. Individual model precipitation change from the 20th to 21st century averaged over
the SAB region for the dry season (a) and wet season (b). The majority of models suggest
a drying of the dry season. The median of these models is shown by the blue line, and the
mean in orange. Green dots denote an increase in precipitation, purple dots a decline. Models
suggesting a change close to zero have open circles.
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Fig. 8. A time series plot showing the changes in (a) Annual precipitation (mm d'1), (b) Surface
temperature (°C), (c) Evaporation (mm d"1), (d) Fire carbon flux to atmosphere (g m~2 y‘1), (e)
Dry season rainfall (mmd™"), (f) Percentage change in soil moisture (VEGAS), (g) Leaf area
index with shading for 25 and 75 percentile of models, and (h) Wet season runoff (mm d‘1), all
as projected by the median change of the IPCC models for the SAB region from 1900-2100.

96



Leaf Area Index, median

30w

5 076 1 1.6

“arbon Flux due to Fire, Num of Leaf Area

Index., Num of

models

£Q|

3038
90°W B0°W

5 a2 g 11 iz 13 14 5 B o T2 13

Fig. 9. Annual changes of ecosystem variables from the 20th Century (1961-1990) to the 21th
Century (2070-2099) for (a) Carbon release due to fire (g m~2 y'1 ), (b) LAI, from the median of
the VEGAS model driven by the 15 IPCC models; and the number of models that project (c) an

increase in fire, (d) a decrease in LAI (all 15 models show decrease in the dotted regions).
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Fig. 10. Individual model results for change in the Atlantic SST gradient over the next cen-
tury for the dry season (May—September). The North Atlantic is defined as (EQ-12°N, 18° W-
48° W), the south is defined as (15° S—30° S, 10° W—30° W). The boxes can be viewed on Fig. 2d.
The North-South SST gradient increases for all models. The median change in temperature
gradient is shown in blue, and mean in orange.
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Fig. 11. IPCC model median change in precipitation (mm d"1) from the 20th to 21st century
for the northern summer (JJA) and winter (DJF) seasons: (a) Net change (mm day'1) in June,
July and August (JJA). (b) Net change (mm day‘1) in December, January and February (DJF).
(c) Percentage change in JJA. (d) Percentage change in DJF. Note (i) the expansion of the
subtropical dry zones, which coincides with reduced Amazon rainfall during northern summer,
and (ii) the general strengthening of the ITCZ, which increases Amazon rainfall during the
northern winter.
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Fig. 12. A graphic displaying 20th century rainfall in (mm d") in contours, with percentage
change in (a) SAB wet season and (b) SAB dry season precipitation from the 20th to the
21st century overlain with shading. (a) Wet season change: the region where contours are
in close proximity is indicative of the position of the ITCZ during the wet season. Note that
the precipitation change is positive in the ITCZ region, and negative north of the ITCZ in the
subtropical dry zone. (b) Dry season change: The large purple region shows that in the future
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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Fig. 13. A schematic diagram showing the two mechanisms under global warming (general
subtropical drying, stronger Atlantic SST gradient and eastern Pacific warming) that may work
in concert to produce a robust drier dry season in the southern Amazon and central Brazil
(boxed area), but act in opposite directions in the Amazon wet season, leading to relatively small
change. Background colors indicate climatological rainfall on land (green), the subtropical high
pressure system (grey), and median IPCC model projected late 21st century SST with tropical
mean removed (light brown and blue).
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