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“There is a delicate balance between giving the most detailed information possible to
guide policy versus communicating only what is known with high confidence…[B]eing
conservative…may be dangerous in this context; once we are sure about certain
threats, it may be too late to act” (Knutti et al., 2008: 4660)
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Abstract
Projections of precipitation remain problematic for climate models and so far, regional
projections of Amazonian precipitation are primarily based on climate models from
phase 3 of the Coupled Model Intercomparison Project (CMIP3). Using contemporary
climate models from phase 5 of the Coupled Model Intercomparison Project (CMIP5)
this research analysed future Amazonian precipitation in the context of: future regional
changes, projected changes in DSL, the impact of different greenhouse gas
concentrations on projected rainfall and the probability that future precipitation will return
to levels of the 2005 drought. Changes in precipitation were assessed using 12 climate
models from the CMIP5 for the future (2081-2100), relative to the present (1986-2005).
Results show that eastern Amazonia is likely to undergo significant reductions in
precipitation and projections of future southern Amazonian precipitation remain complex
and uncertain. Future precipitation in western Amazonia is generally predicted to remain
stable and increase under high-resolution ensemble simulations whilst northern
Amazonia’s future precipitation is largely expected to remain stable. Modelled
predictions of precipitation over Amazonia were generally predicted to fall over the next
century under RCP2.6 and RCP8.5 concentrations. However, precipitation in most
regions experienced an increase in intensity under the RCP4.5 scenario, which may be
caused by regional feedback mechanisms such as carbon dioxide fertilisation. This
study supports a shift in focus to a more intense regional based analysis of future
Amazonian precipitation along with enhanced analysis of the processes that influence
future precipitation. Furthermore, based upon simple robustness assessments through
12-model and high-resolution ensemble simulations, this research proposes assigning
metrics to individual models based on their ability to replicate past climate. With this
information, policymakers and climate researchers will benefit from a greater
understanding of future regional Amazonian precipitation and therefore be in an optimal
position to prevent future climate change.
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1. Introduction
Amazonia is one of most significant terrestrial biomes on the planet and has been
identified as a hotspot of persistent regional climate change (Magrin et al., 2014: 1510).
It covers approximately 5.4 million km2, accounts for almost a quarter of the world’s
terrestrial species (Dirzo et al., 2003) and contributes to around 15% of global terrestrial
photosynthesis (Field et al., 1998). An alarming 837,000km2 of total Amazonian forests
have been cleared as of 2001 (Soares-Filho, et al., 2006) and significant droughts in
2005 and 2010 (Valverde et al., 2014; Lewis et al., 2011) accounted for the release of
nearly 1.8 billion tonnes of Carbon Dioxide, more than the annual emissions of India
(Potter et al, 2011). Forest ecosystems are highly vulnerable to precipitation and climate
changes (Allen et al., 2010). As such, there has recently been a proliferation of interest
in Amazonia and its prevalent role in the global climate system. Climate models are a
key component of this research as they help to understand the global climate system,
quantify feedbacks and facilitate the construction of future projections (Knutti et al.,
2008). However, projections of rainfall change over the 21st century remain a major
challenge for climate models (Malhi et al., 2009). Therefore, this research will undertake
a comprehensive critical analysis of projected precipitation change specifically, using
the most sophisticated climate models available.
Consequently, the purpose of this research is to offer a comprehensive analysis of
projected precipitation change over the Amazonian region of South America, using
climate models from the CMIP5. Much of the recent work on Amazonian precipitation
change has utilised climate models from the CMIP3, which have been shown to exhibit
highly variable biases in precipitation between each other making it difficult to predict
future precipitation changes over Amazonia (Yin et al, 2013: 3127). The CMIP5 boasts a
larger number of more complex models that run at high resolutions and thus offers more
complete representations of present and future Amazonian precipitation (Knutti et al.,
2013). However, there are few contemporary studies that utilise these models to
analyse projected changes in regional precipitation (Flato et al., 2013: 810). Papers by
Cattiaux et al. (2013) and Joetzjer et al. (2013) are the only sources of extant literature
that have addressed regional predicted precipitation change with climate models from
the CMIP5. The majority of current research has primarily focused upon assessing
robustness between CMIP3 and CMIP5 simulations (Knutti et al., 2013). In light of the
fact that few comprehensive studies of predicted regional precipitation have been
conducted with CMIP5 data, this research has been undertaken to provide a
contemporary critical insight into future Amazonian precipitation with CMIP5 data.
1
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As part of this study, specific focus will be attributed to a number of key areas of climate
research in order to offer an overview of the scientific context in which precipitation
change is embedded. These are: 1) predicted regional precipitation changes, 2)
modelled changes in DSL, 3) the effect of different greenhouse gas concentrations upon
precipitation and 4) the probability that 2005 precipitation conditions will be replicated in
the future. Identifying different regional trends and assessing their statistical significance
will facilitate a more complete spatial analysis of predicted Amazonian precipitation.
Correspondingly, an analysis of Dry Season Length (DSL) and its relationship to future
precipitation change is essential to this research considering its pivotal relationship to
the destructive drought of 2005 (Zeng et al., 2008: 8). Cox et al. (2000) have stated that
elevated greenhouse gas concentrations will play a key role in influencing global
climate, therefore an analysis of different greenhouse gas concentrations and their
resultant effect upon future Amazonian precipitation is also essential. Finally, a
comprehensive examination of precipitation during the 2005 drought and the probability
of a future recurrence will help consolidate all this research. The focus of this research
is not specifically related to issues of robustness, however 12-model and high-resolution
ensembles will be utilised throughout in order to augment an understanding of predicted
Amazonian precipitation change.
1.1 Aim
As presented earlier, the aim of this research is to provide a comprehensive and in
depth analysis of future regional precipitation trends over Amazonia, specifically defined
as the land covered by the Amazon Rainforest. A comprehensive literature review of the
extant literature to date in the field will also be provided to supplement this analysis.
1.2 Objectives
To achieve the aim of this research project, the following objectives will be completed:
a. A study of the spatial extent and specific location of future changes in
precipitation.
b. An analysis of long-term seasonal changes and DSL over Amazonia.
c. A study of future precipitation changes over Amazonia based upon different
RCP scenarios.
d. An analysis and assessment of the 2005 drought and the probability that it
will be repeated in the future.
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2. Literature Review
This literature review will assess contemporary research regarding future precipitation
over Amazonia. Furthermore, this review will assess current work on: potential modelled
changes in the DSL, the effect of different greenhouse gas concentrations on future
Amazonian precipitation and explanations for the 2005 drought and the likelihood that
future precipitation could replicate this. Overall, this review will offer a synthesised
account of projected changes in Amazonian precipitation, primarily based on extant
literature utilising climate models from the CMIP5. CMIP3 centred research will also be
included in this review to give further context to contemporary CMIP5 research.
2.1 The spatial extent and specific location of future changes in precipitation:
review of the literature
Cook et al. (2012: 3) have highlighted the need to understand regional differences in
modelled future Amazonian precipitation, due to several different factors that influence
precipitation in different regions, on seasonal cycles (Marengo, 1992; Ronchail et al.,
2002). Ensemble simulations utilising climate models from the CMIP3 have depicted a
tendency for future reductions in eastern and southern Amazonian rainfall and an
increase in western Amazonian precipitation (Malhi et al., 2008; Cook et al., 2012)(see
figure 1). A reduction of future precipitation in eastern and southern Amazonia is largely
linked to changing SSTs (Malhi et al., 2009: 20613). However, the robustness of these
ensemble predications is uncertain, as significant biases between CMIP3 models makes
obtaining accurate conclusions problematic (Malhi et al., 2009: 20612). This is
highlighted by Li et al.’s (2006) research with CMIP3 climate models, where the UKMOHadCM3 model predicted annual precipitation decreases over central and eastern
Amazonia whilst the GISS-ER model shows conflicting increases in precipitation over
southern Amazonia (Li et al, 2006: 5). These inconsistencies between models have
been attributed to inherent biases over the tropical Atlantic section (Richter et al., 2008:
596) and coarse grid scales that poorly represent finer meteorological processes (Malhi
et al., 2009: 20612). Some of the uncertainty in these CMIP3 ensemble simulations is
mitigated by Regional Climate Models (RCMs), that harness data from climate features
triggered by regional forcings (Kitoh et al., 2011: 1). Marengo et al. (2009) in a study
using the PRECIS (Providing Regional Climates for Impacts Studies) climate modelling
system found a significant increase in rainfall for western Amazonia, with decreases in
eastern Amazonia (Marengo, 2009), findings largely consistent with extant literature
previously discussed in this review (see table 1). However, when compared to Kitoh et
al. (2011) who utilised 20km and 60km mesh MRI-AGCM models, the MRI-AGCM
regional simulations predicted large precipitation increases over all of Amazonia, where
‘the reason for the difference is not clear’ (Kitoh et al., 2011: 8). Therefore, whilst RCM’s
3
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offer some promise in more refined simulations of regional Amazonian precipitation
change compared to CMIP3 prediction, their results have so far proven incongruous.

Figure 1 Future changes in the Amazonia and surrounding regions according to the median of 24 IPCC
models calculated by taking the difference between the mean of the period of 2070–99 and that of 1961–
90 for (a) annual-mean precipitation (mm day-1)(Cook et al., 2012)

Climate models from the CMIP5 are able to offer more accurate predictions in future
Amazonian precipitation change, through higher resolution and more sophisticated
climate models that address a wider variety of scientific questions (Taylor et al., 2012:
490). However, current research utilising climate models from the CMIP5 has focused
heavily on addressing discrepancies and robustness between new models and with
CMIP3 simulations (Chen et al., 2014; Knutti et al., 2013). Initial robustness
assessments between models from the CMIP3 and CMIP5 have offset “naïve”
assumptions regarding the expected potential of innovative CMIP5 simulations (Knutti et
al., 2013: 369), with tendencies from CMIP3 climate models to underestimate rainfall
remaining unresolved in CMIP5 projections (Yin et al., 2013). However, other literature
suggests there have been marked improvements in this dry bias (Sillmann et al. 2013:
2486), with high agreement between 31 models from the CMIP5 concluding that future
precipitation reduction is imminent, supported by further work utilising 28 models from
the CMIP5 (Polade et al., 2014). In conclusion, CMIP3 ensemble simulations are fairly
consistent in their predictions of a precipitation reduction in eastern and southern
Amazonia and increases in western and northern Amazonia (see table 1). However,
there have been few contemporary studies which have attempted to reassess regional
predicted Amazonian precipitation utilising climate models from the CMIP5, with the
focus fixed on assessing robustness between CMIP3 and CMIP5 simulations.
Therefore, this research will utilise the new climate models available through the CMIP5
to reassess regional projections of future Amazonian precipitation, specifically focusing
on eastern, southern and western Amazonia.
4
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Table 1 Projected precipitation change in the northern regions of the Amazon, based upon different studies.
Various studies used A2 and B2 scenarios from the CMIP3 and various RCP scenarios from the CMIP5.
Region

Model

Reference

Period

Observed Changes

Northwestern Amazonia

23 CMIP3 Models

Malhi et al.,
2008

1980 to 1999 –
2080 to 2099

Least likely to
experience drought

Northern Amazonia

20km and 60km MRI‐
AGCM Models

Kitoh et al.,
2011

1979 to 2003 –
2075 to 2099

Increase in
Precipitation

Western Amazonia

PRECIS RCM

Marengo et al.,
2009

1961 to 1990 –
2071 to 2100

Increase in RX5D

Western Amazonia

19 CMIP3 Models

Malhi et al.,
2009

1970 to 1999 –
2070 to 2099

Rainforest-favouring
climate

Western Amazonia

24 CMIP3 Models

Cook et al.,
2012

1961 to 1990 –
2070 to 2099

Increase in
precipitation

Western Amazonia

Eta- CPTEC regional
model forced by
HadCM3

Marengo et al.,
2012

1961 to 1990 –
2011 to 2040 /
2041 to 2070 /
2071 to 2100

Increase in
precipitation from
20% to 30%

Eastern Amazonia

PRECIS RCM

Marengo et al.,
2009

1961 to 1990 –
2071 to 2100

Decrease in RX5D

Eastern Amazonia

GISS-ER

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase in
precipitation

Eastern Amazonia

UKMO-HadCM3

Li et al., 2006

1970 to 1999 –
2101 to 2130

Decrease in
precipitation

Eastern Amazonia

Eta- CPTEC regional
model forced by
HadCM3

Marengo et al.,
2012

1961 to 1990 –
2011 to 2040 /
2041 to 2070 /
2071 to 2100

Reduction in
precipitation from
20% to 30%

Central Amazonia

Eta- CPTEC regional
model forced by
HadCM3

Marengo et al.,
2012

1961 to 1990 –
2011 to 2040 /
2041 to 2070 /
2071 to 2100

Reduction in
precipitation from
20% to 30%

Central Amazonia

UKMO-HadCM3

Li et al., 2006

1970 to 1999 –
2101 to 2130

Decrease in
precipitation

Southern Amazonia

20km and 60km MRI‐
AGCM Models

Kitoh et al.,
2011

1979 to 2003 –
2075 to 2099

Decrease in
Precipitation

Amazonia

23 CMIP3 Models

Christensen et
al., 2007

1980 to 1999 2080 to 2099

No consistent trend in
annual rainfall

Amazonia

31 CMIP5 Models

Chen et al.,
2014

Amazonia

28 CMIP5 Models

Polade et al.,
2014

1986 to 2005 –
2016 to 2035,
2046 to 2065,
2080 to 2099

High model
agreement in basinwide reduction in
precipitation

1960 to 1989 –
2060 to 2089

Basin-wide reduction
in precipitation
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2.2 Long-term seasonal changes and DSL over Amazonia: literature review
DSL is the dominant factor behind annual precipitation change (Polade et al., 2014: 5)
and is therefore a key component of this research. The role of DSL in contemporary
literature is rooted in Cox et al.’s (2000) research where he, somewhat controversially,
explored the potential for future changes in DSL to stimulate an Amazonian transition
from forest to savannah. His findings were corroborated by Li et al. (2006) whose
UKMO-HadCM3 model analysis suggested that there would be a 21st century increase
in the DSL, that would likely cause a transition from rain forest to savannah/scrub in
eastern Amazonia (Li et al., 2006; Sombroek, 2001). Malhi et al. (2009: 20613) in a
study on Amazonian DSL critiqued dieback theories and found that any transition would
be to a seasonal forest as GCM’s from the CMIP3 intrinsically underestimate wetseason rainfall. Furthermore, recent research from Cox et al. (2013: 343) has concluded
that the HadCM3LC model initially used to predict dieback was particularly ‘pessimistic’
and that the likelihood of this happening has been reduced from 21% to 0.24%.
Therefore, the DSL and associated reductions in precipitation are heavily contested
within extant climate research literature.
Current research into Amazonian DSL offers a more nuanced understanding of
Amazonian DSL and theoretically distances itself from dieback, despite the low
probability that the threshold can still be crossed (Cook et al., 2013: 343). This research
focuses on more balanced ensemble simulations to predict future Amazonian DSL
(Cook, 2012) and dichotomous schools of thought have originated as a result of this
approach. Cook et al. (2012) predicted moderate DSL increases in eastern and
southern Amazonia based upon an analysis of ensemble simulations that utilised 24
climate models from the CMIP3 (see table 2). These simulations showed an increase in
the DSL of 10 days in southern and eastern Amazonia, along with spatial changes in the
intensity of dry and wet seasons (see figure 2). Correspondingly, Joetzjer et al. (2013:
2927) analysed ensemble simulations using 13 different models from the CMIP5 and
predicted an increase in eastern Amazonian DSL of up to 14 days and that under most
scenarios DSL will increase to some degree (Joetzjer et al, 2014: 2934)(see table 2).
Contrastingly, Fu et al. (2013) scrutinized 8 different models from the CMIP5 and
compared modelled results with rain-gauge data to assess the reliability of CMIP5
modelled DSL. He found that future simulations severely underestimated the magnitude
of DSL increases (Fu et al, 2013)(see table 2) and if it were to increase at half the rates
that were observed during 1979-2011, the DSL would be about 1 +/- 1/3 month longer
by 2090 (Fu et al, 2013: 18114). He attributed the underestimation of CMIP5 models to
biases that stem from an inherent underestimation of sub tropical jets over South
America (Lu et al., 2007) and an overestimation of the Pacific and Atlantic Intertropical
6
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Convergence Zones (Yin et al., 2013: 3131). This is corroborated by the work of Polade
et al. (2014), who predicted large increases in the length of the DSL of up to 20-30 days
in parts of eastern and northeastern Amazonia (Polade et al., 2014: 3). Overall, extant
research regarding projected Amazonian DSL is alike in predictions that eastern and
southern Amazonia are likely to experience a significant increase in DSL (Fu et al, 2013;
Malhi et al, 2008; Li et al., 2006; Cook et al., 2012; Malhi et al., 2009)(see table 2).
However, clear disagreement between certain CMIP3 models about how the DSL may
change in the future (Bombardi et al, 2009: 899) and twin schools of thought regarding
projected changes from CMIP5 simulations suggests that further research is critical.
This analysis will help determine whether changes in modelled DSL are more aligned to
research that predicts a significant increase in the length of the DSL (Polade et al.,
2014; Fu et al., 2013) or a more marginal increase (Joetzjer et al., 2013; Cook et al.,
2012) and therefore help augment an understanding of future Amazonian precipitation
changes.

Figure 2 Future changes in the Amazon basin and surrounding regions according to the median of 24
IPCC models calculated by taking the difference between the mean of the period of 2070–99 and that of
1961–90 for b) wet season precipitation (mm day-1), (c) dry season precipitation (%)(Cook et al., 2012).

Table 2 Projected DSL in different regions of Amazonia, based upon different studies. Various studies used A2 and
B2 scenarios from the CMIP3 and various RCP scenarios from the CMIP5.
Dry Season
Region

Model

Reference

Period

Observed Changes

Southern Amazonia

GISS-ER

Li et al., 2006

1970 to 1999 –
2101 to 2130

Decrease of 1 month
Drier (16 out of 24
models predict 10.5%
reduction) – DSL
lengthening of 10 days
Severe decline in dry
season rainfall (50%
probability)

Southern Amazonia

24 CMIP3 Models

Cook et al., 2012

1961 to 1990 –
2070 to 2099

Southern Amazonia

23 CMIP3 Models

Malhi et al., 2008

1980 to 1999 –
2080-2099

Southern Amazonia

8 CMIP5 Models

Fu et al., 2013

1979 to 2005

Comparison of models
to contemporary data –
CMIP5 models
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underestimate large
increase in DSL

Eastern Amazonia

23 CMIP3 Models

Malhi et al., 2008

1980 to 1999 –
2080-2099

Sever decline in dry
season rainfall (30%
probability)

Eastern Amazonia

19 CMIP3 Models

Malhi et al., 2009

1970 to 1999 –
2070 to 2099

Increased Intensity and
Duration (30-50%
certainty)

Eastern Amazonia

UKMO-HadCM3

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase to 6 to 8
months (2/3 month
increase)

Eastern Amazonia

13 CMIP5 Models

Joetzjer et al., 2013

1971 to 2000 –
2071 to 2100

Strengthening and
Lengthening of the Dry
Season

Western Amazonia

UKMO-HadCM3

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase to 4 to 5
months

Western Amazonia

23 CMIP3 Models

Malhi et al., 2008

1980 to 1999 –
2080-2099

Sever decline in dry
season rainfall (10%
probability)

Western Amazonia

24 CMIP3 Models

Cook et al., 2012

1961 to 1990 –
2070 to 2099

Slightly wetter (13 out
of 24 models agree)

Northern Amazonia

GISS-ER

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase of 1 to 2
months

Amazonia

31 CMIP5 Models

Chen et al., 2014

Amazonia

28 CMIP5 Models

Polade et al., 2014

1986 to 2005 –
2016 to 2035,
2046 to 2065,
2080 to 2099
1960 to 1989 –
2060 to 2089

20-30 days increase
basin-wide

Increase in DSL

Wet Season
Region

Model

Reference

Period

Observed Changes

Eastern Amazonia

GISS-ER

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase in intensity

Eastern Amazonia

13 CMIP5 Models

Joetzjer et al., 2013

1971 to 2000 –
2071 to 2100

No increase in intensity

Western Amazonia

24 CMIP3 Models

Cook et al., 2012

1961 to 1990 –
2070 to 2099

Increase in rainfall (17
out of 24 models
agree)
Increase in intensity of
wet season (62% of
models agree,
0.5mm/day increase)

Western Amazonia

13 CMIP5 Models

Joetzjer et al., 2013

1971 to 2000 –
2071 to 2100

Southern Amazonia

GISS-ER

Li et al., 2006

1970 to 1999 –
2101 to 2130

Increase in intensity

Southern Amazonia

24 CMIP3 Models

Cook et al., 2012

1961 to 1990 –
2070 to 2099

Slightly wetter (14 out
of 24 models agree)
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1971 to 2000 –
2071 to 2100

No increase in intensity

2.3 Future precipitation changes over Amazonia based upon different RCP
scenarios: review of extant literature
Atmospheric concentrations of CO2 have increased rapidly over the past century and
are projected to increase in the next century (Solomon et al., 2009). Elevated CO2
concentrations are closely linked to contemporary climate change, and are therefore a
key component of this research into predicted Amazonian precipitation. The RCP
scenarios utilised in the CMIP5 are a new set of high-resolution greenhouse gas
concentration pathways, which harness a decade of new economic data, information
about emerging technologies, and observations about a number of environmental
changes (Hurtt et al., 2009; van Vurren et al., 2008). They replace the out-dated Special
Report on Emissions Scenarios (SRES) and IS92 scenarios (Moss et al., 2010). A set of
four pathways were produced that culminate in radiative forcing levels of 8.5, 6, 4.5 and
2.6 W/m2, covering the time period 1850–2100 (Van Vurren et al., 2011: 7).
Table 3 Overview of RCP scenarios and the associated number of literature scenarios leading to respective
forcings (van Vurren et al., 2011: 12)
RCP

Description

Number of scenarios in literature
leading to respective forcing levels

2.6

Peak in radiative forcing at ~3 W/m2 (~490 ppm CO2
eq) before 2100 and then decline (the selected pathway
declines to 2.6 W/m2 by 2100).

20

4.5

Stabilization without overshoot pathway to 4.5 W/m2
(~650 ppm CO2 eq) at stabilization after 2100

118 (as of AR 4)

6

Stabilization without overshoot pathway to 6 W/m2
(~850 ppm CO2 eq) at stabilization after 2100

10

8.5

Rising radiative forcing pathway leading to 8.5 W/m2
(~1370 ppm CO2 eq) by 2100

40

9
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Figure 3 Carbon Dioxide (CO2) concentrations in ppm as used in the CMIP3 and CMIP5 historical and
scenario simulations and available for download at the PCMDI website. The vertical shading indicates the
reference period (1981-2000) and the two 20 year periods (2046-2065 and 2081-100) considered in the
analysis of future climate change (Sillmann et al., 2013)

Early research related to greenhouse gas concentrations and the resultant effect upon
Amazonian precipitation was derived from CMIP3 model simulations that are not easily
comparable to CMIP5 simulations due to intrinsic differences between the SRES and
RCP scenarios (Sillmann et al., 2013: 2474). The B1 SRES scenario has been
suggested as the closest match to the RCP4.5 scenario (Rogelj et al., 2012) (see figure
3) and RCP4.5 has been closely associated with a number of climate policy scenarios
(see table 3). However, Chen et al.’s (2014) research is currently the only extant paper
to analyse predicted precipitation under the RCP4.5 scenario as most contemporary
literature has utilised the RCP8.5 scenario (see table 4)(Joetzjer et al., 2013; Fu et al.,
2013). Therefore, it is difficult to synthesise contemporary research with past findings
from CMIP3 models and make an accurate assessment with regards to where
contemporary knowledge ‘is’ in relation to the influence of greenhouse gases upon
projected regional precipitation.
Current precipitation projections under different RCP scenarios are generally restricted
to general global modelled results (see figure 4). On average global precipitation is
projected to increase over the 21st century, with changes exceeding 0.05 mm day–1 and
0.15 mm day–1 by 2100 in the RCP2.6 and RCP8.5 scenarios (Collins et al., 2013).
Similar research by Sillmann et al. (2013) offers a comprehensive global analysis of
future precipitation under different RCP scenarios. Zhao et al.’s (2014) research is
probably the most comprehensive regional analysis of predicted precipitation change
under different scenarios, where he looks at the effect of different greenhouse gas
concentrations on precipitation in arid and semi arid environments. From his research,
he deduced that there are similarities in increasing temperature under different RCP
scenarios but future precipitation exhibits significant regional dependencies in relation to
10
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different greenhouse gas concentrations (Zhao et al., 2014). However, whilst his work
did undertake a regional analysis of precipitation changes under different RCP
scenarios, Amazonia is not directly addressed. Due to the complex relationship between
greenhouse gas concentrations and precipitation, it is therefore anticipated that findings
from this research will provide a unique overview of projected regional Amazonian
precipitation change.
Table 4 List of studies utilising climate models from the CMIP5 and the primary RCP scenario applied in each study and any
additional RCP scenarios utilised

Models

Reference

Primary RCP
Scenario Models Run
Under

Additional RCP
Scenarios Used

Comments

8 CMIP5
Models

Fu et al., 2013

RCP8.5

-

Used “extreme” RCP to replicate
observed DSL Changes

13 CMIP5
Models

Joetzjer et al., 2013

RCP8.5

-

Extreme scenario used in order to
maximize the signal to noise ratio

31 CMIP5
Models

Chen et al., 2014

RCP4.5

-

Used as an intermediate scenario –
provides no clear evidence for
selection

28 CMIP5
Models

Polade et al., 2014

RCP8.5

-

No clear explanation as to selection
of scenario

17 CMIP5
Models

Zhao et al., 2014

RCP8.5

RCP4.5

Comparison between scenarios to
determine regional climatic effects
over arid and semiarid environments

Figure 4 Multi-model map in CMIP5 for RCP2.6 and RCP8.5 scenarios showing average percentage change in
annual mean precipitation levels. Changes for both scenarios are shown relative to 1986-2005 (IPCC, 2013a).

2.4 Literature review of the 2005 drought and the probability that it will be
repeated in the future
The extreme drought of 2005 has been attributed directly to changes in the DSL (Zeng
et al., 2008). Understanding the nature of Amazonian precipitation during this drought
and assessing the probability that it will be repeated is a key component to fully
comprehending future Amazonian precipitation changes. The 2005 drought was
11
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particularly severe in the western and southern parts of Amazonia where many rivers
and lakes had the lowest river and lake levels in years (Zhao et al., 2008: 1). The
observed slow recovery of the rainforests after the 2005 drought (Saatchi et al., 2013)
significantly increased the chances of a transition to Savannah in southern Amazonia
(Cox et al., 2004; Malhi et al., 2009). This raises important questions with regards to
future Amazonian precipitation and the likelihood of the 2005 being repeated or whether
it was a unique “once-in-a-century” seasonal climatic extreme (Marengo et al., 2008:
513, Marengo et al., 2013). Zeng et al. (2008) characterises the DSL as the primary
cause behind the 2005 drought. The mechanisms behind this significant extension of
the DSL are complex and not mutually exclusive. A combination of a 2002–03 El Nino
and a warm subtropical North Atlantic (NA) Ocean in 2005, have been branded as a
‘one-two-punch’ responsible for the 2005 drought (Zeng et al., 2008: 5).
Correspondingly, the more expansive and intense 2010 drought affecting 3.0 million km2
(Lewis et al., 2011) was also recognised to have originated in the NA. A similar increase
in dry events during this period is concomitant with an increase in DSL and precipitation
reduction, whilst there was no discernible change in wet season precipitation (Marengo
et al., 2011: 3).
The probability of substantially enhanced drought in the future ranges from >60% in the
southeast Amazonia to <20% in the western Amazonia (Malhi et al., 2008: 171). Malhi
et al. (2008) utilises statistics and probabilities derived from CMIP3 climate models to
assess the likelihood of future precipitation changes in Amazonia (see figure 5). Whilst
this work offers a good framework for predicting future drought it does not identify the
specific causes of drought in 2005 and whether they will be repeated in the future.
However, Cox et al. (2008) in a study on the 2005 Amazonian drought found that there
was a strong correlation between rainfall reductions in western Amazonia and unusually
warm North Atlantic (NA) SSTs. He determined that there would be higher NA SSTs in
the 21st century and as a result a decrease in western Amazonian DSL. As a result,
conditions in the future were predicted to be more favourable to the 2005 drought (Cox
et al., 2008). However, as of yet there is little literature that undertakes similar analysis
using higher-resolution CMIP5 models. Research has also vociferously demonstrated
the inextricable link between DSL and drought (Zeng et al., 2008; Marengo et al., 2011;
Lewis et al., 2011). With 100mm/month as an established threshold for DSL (Sombroek,
2001; Marengo et al., 2008; Marengo et al., 2011; Joetzjer et al., 2013), it is possible to
develop a more specific threshold of precipitation at the peak of the 2005 drought and
as such assess the probability that these levels of drought will be re-visited in the future.
As such, future SSTs and DSL thresholds are the best metrics to define the 2005
drought and facilitate comparisons to future precipitations patterns.
12
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Figure 5 A metric of the probability of enhanced drought in Amazonia: the proportion of 23 climate
models that show a decline in rainfall between 1980 to 1999 and 2080 to 2099 under midrange (A1B)
global greenhouse gas emissions scenarios. (A) Any decline (rainfall decline > 0%); (B) substantial
decline (rainfall decline > 20%); (C) severe decline (rainfall decline > 50%). Dry season rainfall is
particularly important. Left column: December-January-February (dry season in north); right column:
June-July-August (dry season in central and southern Amazonia) (Malhi et al., 2008).

2.5 Summary
This literature review is a summary of current thinking with regards to future projections
of precipitation change over Amazonia. Contemporary research using climate models
from the CMIP3 exhibits significant inter-regional differences in predicted Amazonian
precipitation, with little research utilising CMIP5 climate models to add further insight.
Research utilising CMIP5 models remains underdeveloped and focused on general
model robustness. Current research on Amazonian DSL is split between projections of
moderate increases in certain regions; whilst other research contests that contemporary
climate models from the CMIP5 severely underestimate DSL (Good et al., 2013). The
relationship between different greenhouse gas projections and future Amazonian
precipitation based on CMIP5 climate models remains underdeveloped and offers
exciting research opportunities. Finally, thresholds related to the 2005 drought and the
probability that these will be breached has only been addressed briefly in extant and
offers scope for future research. In light of the current state of Amazonian climate
research, this paper will seek to provide a comprehensive regional analysis of future
Amazonian precipitation utilising the most sophisticated climate models available.
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3. Research Design and Methodology
3.1 Background
This research undertook a positivist research approach using quantitative analysis to
investigate future Amazonian precipitation change under different RCP scenarios. The
selection of the research area will be covered in section 3.1, precipitation data collection
in section 3.2 and the precipitation data analysis in section 3.3.
3.2 Research area
The focus of this research is the Amazon rainforest, referred to throughout as
Amazonia. Extant literature embraces numerous distinctions of Amazonia’s boundaries
(see table 5). However this research will adopt similar boundaries to these utilised in
Cook et al.’s (2012) research, as those used in the 5th IPCC report are too irregular for
the software utilised in this study (IPCC, 2013b), some are deemed too restrictive (Malhi
et al., 2009; Galbraith et al., 2010) and others too liberal (Malhi et al., 2008). As part of a
comprehensive overview of future Amazonian precipitation, the research area has been
broken up into 4 distinct regions (see figure 6). These regions are loosely aligned to
those in Cook et al.’s (2012) research, but minor adjustments have been made to
accommodate a northern Amazonian region. This research was conducted at a singular
point within each region (see figure 6), as computing comprehensive area averages
required advanced coding, which was beyond the scope of this study.
Table 5 Amazonian boundary latitude and Longitude co-ordinates from different research papers

Reference

Eastern
Boundary

Southern
Boundary

Western
Boundary

Northern
Boundary

Malhi et al., 2008
Malhi et al., 2009
Galbraith et al. 2010
Marengo et al., 2011
Cook et al., 2012

42°W
60°-48°W
60°-48°W
50°W
65°– 50°W

20°S
12°S
12.5°S
15°S
20°S

78°W
72°-60°W
70°-60°W
75°W
76°–65°W

6°N
3°N
3°N
5°N
5°N

Table 6 Amazonian regional latitude and longitude co-ordinates from all available research studies

Eastern
Amazonia Limits

Southern
Amazonia Limits

Western
Amazonia Limits

Northern
Amazonia Limits

Cook et al.,
2012

5°S–5°N,
65°– 50°W

10°S–5°N,
76°–65°W

-

Fu et al., 2013

-

-

-

Marengo et al.,
2011

-

20°-5°S,
65°-50°W
15°S-5°S
70°-50°W
15°S‐5°S,
75°W‐50°W

-

5°N‐7.5°S,
75°W‐50°W

Reference
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Figure 6 Map of Amazonia split into regions. The four boxes are: western Amazonia (15°S–2.5°S, 76°–
65°W), northern Amazonia (2.5°S–5°N, 76°–65° W), eastern Amazonia (7.5°S- 5°N, 65°–50°W), and
southern Amazonia (20°S–7.5°S, 65°–50°W). Map taken from Simmons (2006).

3.3 Data collection and models
12 climate models from the CMIP5 provide the source of data for this study, with data
downloaded in monthly periods. The location of this secondary data is the PCMDI
website (http://pcmdi9.llnl.gov/esgf-web-fe/live)(see appendix table A2). The BCCCSM1.1, BCC-CSM1.1(m), CanESM2, CNRM-CM5, INM-CM4, IPSL-CM5A-LR, IPSLCM5A-MR, IPSL-CM5B-LR, HadGEM2-ES, MRI-CGCM3, MRI-ESM1 and CCSM4
climate models were specifically selected for this research as they embody a wide
spectrum of resolutions (Chen et al., 2014: 2733)(see table 7; see appendix table A1).
The r1ii1p1 ensemble member of each model was utilised in this research, in
conjunction with other contemporary studies (Knutti et al., 2013). All analysis, aside from
comparisons of RCP scenarios, was conducted under the RCP8.5 scenario in order to
maximize the signal to noise ratio (Joetzjer et al., 2013: 2923).
Table 7 List of CMIP5 models used in this study and their associated horizontal resolutions (Williams et al., 2012; Wu et al.,
2014; Gent et al., 2011; Yukimoto et al., 2011; Chen et al., 2014). *Models used for high-resolution ensemble comparison.

Institute

Model

Resolution (deg)

BCC

BCC-CSM1.1
BCC-CSM1.1(m)*
CanESM2
CNRM-CM5*
INM-CM4*
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
HadGEM2-ES*
MRI-CGCM3*
MRI-ESM1*
CCSM4*

2.8125 x 2.8125
1.125 x 1.125
2.813 x 2.79
1.406 X1.4
2 x 1.5
1.9 x 3.75
1.25 x 2.5
1.9 x 3.75
1.875 x 1.25
1.125 x 1.121
1x 0.5
1.25 x 0.9

CCMA
CNRM-CERFACS
INM
IPSL

MOHC
MRI
NCAR
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Figure 7 Maps of CMIP5 multi-model average percentage change in annual mean precipitation for the scenarios
RCP2.6 and RCP8.5 in 2081–2100, relative to 1986-2005 (IPCC, 2013a).

3.4 Method
This research was conducted in Integrated Data Viewer (IDV) software that facilitated
the import and analysis of CMIP5 climate model data. The present-day precipitation in
this study was established from 1986-2005 (hereafter referred to as ‘present’) and future
precipitation was established from 2081-2100 (hereafter referred to as ‘future’). These
time periods were specifically chosen to align this research with the 5th IPCC report (see
figure 7). Ensemble simulations were created through exporting data from IDV into
Excel and then manually combining mean monthly precipitation for each climate model,
matching longitudinal and latitudinal points as closely as possible. Bilinear interpolation
is the optimal method to create ensemble simulations (Joetzjer et al., 2013; Chen et al.,
2014), but was beyond the scope of this study. A 12-model ensemble simulation
(hereafter referred to as 12-model ensemble) and a 7-model ensemble simulation
(hereafter referred to as high-resolution ensemble) were used concurrently through this
research. All data from individual models and ensemble simulations was converted into
mm/month from kg m-2 s-1, an average instantaneous flux rate (NARCCAP, 2007).
Future regional Amazonian precipitation change was modelled through precipitation
percentage change maps, commonly used in climate change research (Polade et al.,
2014)(see figure 7). To achieve this, present and future mean monthly precipitation
maps for each model were created and combined using a custom ‘ENSEMBLE’ formula
within IDV. Future Amazonian precipitation change was depicted as the difference
between these two time periods, limited to a range of -30% & +30% for clarity. A
statistical assessment of Amazonian precipitation change follows the work of Salma et
al. (2012) who assessed differences between regional projected precipitation in
Pakistan by using ANOVA analysis. In this research, data was exported into SPSS and
an ANOVA test was executed to assess the significance between regional Amazonian
precipitation in the present and future. A post-hoc Tukey’s Honest Significant Difference
(HSD) test was used in conjunction with an ANOVA test for clarification of any
significant regional differences.
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An assessment of DSL, a key component of future precipitation change (Joetzjer et al.,
2013; Marengo et al., 2011), was performed by assessing the difference (anomaly)
between months in the present and future where precipitation was below 100mm
(Sombroek, 2001) and then executing a two-tailed t-test in SPSS to assess whether any
difference was significant. This was performed for each model, ensemble simulations
and each Amazonian region. This research method is consistent with other regional
studies of precipitation and other climate change that use two-tailed t-tests to assess the
significance of changes in a dependant variable (Joetzjer et al., 2013; Fu et al., 2013;
Xu et al., 2012).
Future changes in Amazonian precipitation under different RCP scenarios were
modelled with precipitation percentage changes maps. Time-series line graphs and lineof-best-fit graphs were also used to identify changes in precipitation under each
scenario. Present and future ensemble simulations, under each scenario, were exported
into SPSS to assess whether there was any significant difference between present and
future modelled precipitation. 12-model ensemble simulations were restricted to 9
models and high-resolution to 5 models for uniformity. Whilst previous research has
used the Wilcoxon signed-rank test (Wilks, 2006: 648) to assess differences between
present and future precipitation (Sillmann et al., 2013), this research utilises two-tailed ttests as the most appropriate statistical method to investigate differences between
means.
An assessment of the 2005 drought and the probability that it will reoccur was
completed by exporting ensemble datasets, for each region, into SPSS and generating
histograms for present and future precipitation. Furthermore, a 2005 drought threshold
was established, the lowest modelled mean monthly precipitation between 2004-2005.
The probability that future precipitation would breach this threshold was empirically
calculated through calculating the probability that mean monthly precipitation between
2081-2100 would reach this level and then depicting the results through line graphs.
3.5 Summary
This research project will undertake a quantitative assessment of future Amazonian
precipitation projections using a selection of climate models from the CMIP5. The first
statistical analysis using ANOVA will provide data to explore regional differences in
precipitation. The t-test statistical analysis method will provide further data to assess
changes in the DSL and differences in precipitation under different greenhouse gas
concentrations. Finally, statistical analysis of the 2005 drought will provide data to
assess the probability that it will occur again.
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4. Results
4.1 The spatial extent and specific location of future changes in precipitation
Institute / Model

RCP2.6

RCP4.5

RCP8.5

i) HIGHRESOLUTION
ENSEMBLE

ii) 12-MODEL
ENSEMBLE

a) BCC
BCC-CSM1.1

b) BCC
BCC-CSM1.1(m)

c) CCCMA
CanESM2

d) CNRMCERFACS
CNRM-CM5
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[Unavailable for Model]

f) IPSL
IPSL-CM5A-LR

g) IPSL
IPSLCM5A-MR

h) IPSL
IPSL-CM5B-LR

[Unavailable for Model]

e) MOHC
HadGEM2-ES

f) MRI
MRI-CGCM3
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[Unavailable for Model]

h) NCAR
CCSM4
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Figure 8 Maps of percentage precipitation change between the present (1985-2006) and future (2081-2100) time periods utilising
the CCSM4, MRI-ESM1, MRI-CGCM3, HadGEM-ES, IPSL-CM5B-LR, IPSL-CM5A-MR, IPSL-CM5A-LR, INM-CM4, CNRM-CM5,
CanESM2, BCC-CSM1.1(m) and BCC-CSM1.1 climate models along. 12-model and high-resolution ensemble simulations also
included with demarcated regions (see figure 6) superimposed over the top. ’Unavailable for Model’ specified where RCP scenario
not available.
Table 8 Mean precipitation (mm/month) and standard deviation (mm/month) for the present and future (20812100) time periods and the difference between future and present mean precipitation. Results for the eastern
Amazon, southern Amazon, western Amazon and northern Amazon are included. Results derived from: a)
ensemble simulations using 12 climate models; b) ensemble simulations using 5 high-resolution models.

a)
Region
ea
sa
wa
na
Multi-region

Mean Precipitation (mm/month)
P
F
F-P
108.1140
104.0477
-4.0663
154.3386
144.3395
-9.9991
134.7205
131.6389
-3.0816
159.5507
153.2430
-6.3077
139.1809
133.3173
-5.8637

Standard Deviation (mm/month)
P
F
56.43215
65.94355
128.49596
119.83544
76.62699
70.08848
47.78241
43.08418
85.72479
81.81918

F-P
31.15953
32.65976
28.37561
29.26449
30.47904

Mean Precipitation (mm/month)
P
F
F-P
139.0038
127.9150
-11.0888
173.9651
158.2656
-15.6996
139.3602
131.5028
-7.8574
163.5692
168.9690
5.3998
153.9746
146.6631
-7.3115

Standard Deviation (mm/month)
P
F
70.55692
81.84080
136.27643
118.92939
74.86477
55.74375
44.14743
48.33809
89.35369
82.79279

F-P
45.61527
46.60937
39.61693
33.10036
42.25944

b)
Region
ea
sa
wa
na
Multi-region

12-model ensemble simulations, under the RCP8.5 scenario, show that in the future
there is likely to be moderate basin-wide precipitation corroborated by a decline in
mean monthly precipitation between all regions from 139.18 mm/month at present to
133.32mm/month in the future (see table 8). The most significant projected regional
reduction is over eastern Amazonia with a decline of up to 15% in precipitation.
However, under high-resolution ensemble simulations there are more intense inter20
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regional differences in projected precipitation change. Eastern Amazonia exhibits the
most significant change with predicted reductions of up to 30% and western
Amazonia experiencing marginal increases in precipitation in the future. Mean
monthly precipitation, under 12-model ensemble simulations, for the present time
period is highest in northern Amazonia (159.44mm/month), followed by southern
Amazonia (154.34mm/month), western Amazonia (134.72mm/month), with eastern
Amazonia exhibiting the lowest mean monthly precipitation (108.11mm/month) (see
table 8). 12-model mean monthly precipitation is predicted to decrease in the future
for all Amazonian regions. High-resolution ensemble mean monthly precipitation data
exhibits more intense inter-regional differences with eastern and southern Amazonia
experiencing more penetrating reductions in precipitation and northern Amazonia
experiencing an increase in precipitation. Generally, all regional standard deviations,
except for eastern Amazonia, show declines between the present and future.
However, there are significant disparities between regional standard deviations with
southern Amazonia exhibiting a disparate standard deviation of 128.49596
mm/month, compared to other regions within Amazonia (see table 8).
Climate model simulations from the Institut Pierre-Simon Laplace (IPSL) (IPSLCM5A-LR, IPSL-CM5A-MR and IPSL-CM5B-LR) and the Canadian Centre for
Climate Modelling and Analysis (CCCMA) (CanESM2) used in this research are
incongruous with both high-resolution and 12-model ensemble simulations (see
figures 8a & 8b). Both the IPSL-CM5B-LR and CanESM2 climate models show a
reduction in precipitation of 30%+ in large portions of Amazonia (see figures 8c &
8h), whereas ensemble simulations only exhibit reductions of this magnitude in
restricted areas (see figure 8). The IPSL-CM5A-LR and IPSL-CM5A-MR climate
model results are contradictory to both sets of ensemble simulations, depicting
precipitation increases over much of central, southern and eastern Amazonia (see
figures 8f & 8g). High-resolution ensemble simulations do not utilise these models.
Table 9 ANOVA analysis of present precipitation, future precipitation and precipitation change between eastern
Amazonia, southern Amazonia, western Amazonia and northern Amazonia using ensemble simulations from a)
12 different climate models; b) 7 high-resolution models

a)
Dependant Variable
Present (1986-2005)
Precipitation
Future (1981-2100)
Precipitation
Precipitation Change (Future
– Present)

Number
Independent
Variables
4 (EA, SA, WA,
NA)
4 (EA, SA, WA,
NA)
4 (EA, SA, WA,
NA)

Number of Climate
Models

F

Sig.

12

17.308

.000

12

18.725

.000

12

2.445

.063
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b)
Dependant Variable
Present (1986-2005)
Precipitation
Future (1981-2100)
Precipitation
Precipitation Change (Future
– Present)

Number
Independent
Variables
4 (EA, SA, WA,
NA)
4 (EA, SA, WA,
NA)
4 (EA, SA, WA,
NA)

Number of Climate
Models

F

Sig.

7

9.562

.000

7

14.773

.000

7

11.402

.000

Table 10 Tukey HSD post hoc analysis of present mean monthly precipitation, future mean monthly precipitation and precipitation
change mean monthly precipitation, statistically significant at the 5% level between the eastern Amazonian, southern Amazonian,
western Amazonian and northern Amazonian regions. Using ensemble simulations from a) 12 different climate models; b) 7 high
resolution models. *Statistically significant at the 5% level

a)
Region (I)
ea

sa

wa

na

Region (J)
sa
wa
na
ea
wa
na
ea
sa
na
ea
sa
wa

Present Precipitation
Mean Difference (I-J)
*
-40.29179
*
-27.59116
*
-49.19525
*
40.29179
12.70063
-8.90346
*
27.59116
-12.70063
*
-21.60409
*
49.19525
8.90346
*
21.60409

Present
Sig.
.000
.001
.000
.000
.302
.613
.001
.302
.016
.000
.613
.016

Future Precipitation
Mean Difference (I-J)
*
-46.22462
*
-26.60654
*
-51.43674
*
46.22462
*
19.61808
-5.21212
*
26.60654
*
-19.61808
*
-24.83020
*
51.43674
5.21212
*
24.83020

Sig.

Present Precipitation
Mean Difference (I-J)
*
-34.96135
-.35646
*
-24.56539
*
34.96135
*
34.60489
10.39597
.35646
*
-34.60489
*
-24.20893
*
24.56539
-10.39597
*
24.20893

Present
Sig.
.000
1.000
.012
.000
.000
.569
1.000
.000
.014
.012
.569
.014

Future Precipitation
Mean Difference (I-J)
*
-30.35054
-3.58781
*
-41.05400
*
30.35054
*
26.76273
-10.70346
3.58781
*
-26.76273
*
-37.46618
*
41.05400
10.70346
*
37.46618

Sig.

.000
.003
.000
.000
.050
.903
.003
.050
.006
.000
.903
.006

Precipitation Change
Mean Difference (I-J)
5.93282
-.98462
2.24149
-5.93282
-6.91745
-3.69134
.98462
6.91745
3.22611
-2.24149
3.69134
-3.22611

Sig.

Precipitation Change
Mean Difference (I-J)
4.61081
-3.23136
*
-16.48861
-4.61081
-7.84217
*
-21.09942
3.23136
7.84217
*
-13.25726
*
16.48861
*
21.09942
*
13.25726

Sig.

.142
.985
.851
.142
.062
.544
.985
.062
.651
.851
.544
.651

b)
Region (I)
ea

sa

wa

na

Region (J)
sa
wa
na
ea
wa
na
ea
sa
na
ea
sa
wa

.000
.962
.000
.000
.002
.471
.962
.002
.000
.000
.471
.000

ANOVA analysis of Amazonia indicates that there are significant regional differences
of precipitation in the present day (1986-2005) and future (2081-2100)(see tables 9a
& 9b). However, there is no significant difference at the 5% confidence level in
precipitation change over the coming century between the different regions.
However, ANOVA analysis of high-resolution ensemble simulations indicates that
there is a significant difference in regional precipitation changes between the present
and future.

22

.618
.830
.000
.618
.165
.000
.830
.165
.003
.000
.000
.003

Andrew Howes

Dissertation BSc

4190405

Tukey’s HSD test shows that there is a significant difference between certain
Amazonian regions in the present and future time periods (see table 10).
Precipitation in eastern Amazonia is significant different from other regions in both
the present and future at the p < .05 (see table 10a). Southern Amazonia’s present
and future modelled precipitation is only significantly different from eastern Amazonia
at the p < .05 level, but is not statistically different from either western or northern
Amazonia (see table 10a). One of the most noticeable differences between highresolution ensemble simulations is the change in statistical significance between
western and eastern Amazonia, where rainfall is no longer statistically significant at
the p < .05 level. Furthermore, high-resolution ensemble simulations indicate that
there is a much greater statistical significance between different regions in
precipitation change from the present to the future (see table 10b).
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4.2 Long-term seasonal changes and DSL over Amazonia
Table 11 Present and future DSL under the RCP8.5 scenario for different regions in Amazonia. DSL for 12-model and high-resolution
ensemble simulations are also included. *Statistically significant anomaly at the 5 % level using a two-tailed Student t-test with bold values
indicating positive significant anomalies and italicized values indicating negative statistically significant anomalies.
Threshold

Model

(mm/month)

Present (1986-2005)

Future (2081-2100)

Anomaly

EA

SA

WA

NA

EA

SA

WA

NA

EA

SA

WA

NA

BCC-CSM1.1

100

10.1

6.2

2.8

0.85

10.16

6.68

2.53

0.53

0.06

0.48*

-0.27

-0.32

BCC-CSM1.1(m)

100

10.3

8.5

3.6

1.15

11.26

7.42

3.53

1.6

0.96*

-1.08

-0.07

0.45

CanESM2

100

11.6

5.5

6.75

4.35

12

7.65

9.8

8.2

0.4*

2.15*

3.05*

3.85*

CNRM-CM5

100

6.95

5.45

10.85

8.5

7.9

5.8

10.15

8.4

0.95*

0.35

-0.7*

-0.1

INM-CM4

100

0.7

5.35

3.3

1.75

1.5

5.75

2.5

1.8

0.8

0.4*

-0.8*

0.05

IPSL-CM5A-LR

100

8.6

6.9

5.8

6

7.45

6.7

6.45

9

-1.15*

-0.2*

0.65

3*

IPSL-CM5A-MR

100

9.5

7.05

9.15

4.55

8.6

6.75

10.55

4.8

-0.9*

-0.3*

1.4*

0.25*

IPSL-CM5B-LR

100

10.7

5.95

6

6.8

10.7

7.1

4.45

7.4

0*

1.15*

-1.55*

0.6*

HadGEM2-ES

100

3.3

4.4

3.75

1.35

8.18

5.74

1.58

0.21

4.88*

1.34*

-2.17*

-1.14

MRI-CGCM3

100

8.1

5.25

6.95

3.9

5

4.8

6.8

4

-3.1*

-0.45*

-0.15*

0.1

MRI-ESM1

100

3.6

4.65

6.95

4.05

6.85

5

6.7

4.15

3.25*

0.35

-0.25

0.1

CCSM4

100

5.7

5.05

3.9

3

6.55

5.45

5.2

2.55

0.85*

0.4

1.3*

-0.45*

Ensemble

100

7.43

5.85

5.82

3.85

8.01

6.24

5.85

4.39

0.58*

0.39

0.03

0.54*

Ensemble Average

100

High Resolution
Ensemble
High Resolution
Ensemble Average

100
100

5.74
6.1

5.73

5.91

5.37

6.12
3.74

6.66

5.91

0.38 (11.4 days)
5.29

3.93

0.56*

5.45

0.18

-0.62*

0.08 (2.4 days)

Overall DSL results indicate a modest reduction in the DSL of 11.4 days for 12-model
ensemble simulations and just 2.4 days for high-resolution ensemble simulations (see
table 11). 12-model ensemble simulations depict the highest DSL in eastern Amazonia,
which increases by about 17 days in the future. Southern Amazonia and western
Amazonia have similar DSLs that concurrently increase in the future, whilst northern
Amazonia’s DSL is the shortest out of all regions but the future change is similar to
eastern Amazonia’s (see table 11). However, there are noticeable disparities between
models. For example, the CanESM2 climate model predicts significant increases in the
DSL across all regions, with the northern and western Amazonian DSL’s increasing the
most even though they are generally considered ‘wetter’ areas in extant literature. Highresolution ensemble simulations omit the CanESM2 climate model, which projects large
increases in DSL across all regions. As such, these simulations still predict an increase
of about 17 days in eastern Amazonia, but a marked reduction in the length of the DSL
in western Amazonia by 18.6 days, along with a much more moderate increase in DSL
of only 5.7 days in northern Amazonia.
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Two-tailed t-tests highlight a number of significant differences at the 5% level between
future changes in the DSL. Eastern Amazonia shows the greatest consensus among
models in the predicted increase in DSL with 7 models predicting a statistically
significant increase in the DSL at the 5% level and an overall statistically significant
increase in the DSL of 17.4 days (see table 11). Northern Amazonia also exhibited a
statistically significant anomaly at the 5% level of 16.2 days but with significantly less
agreement amongst model from the CMIP5. Only 5 models predicted statistically
significant increases in the DSL, two of which (CanESM2 and IPSL-CM4A-LR) predicted
large statistically significant increases in the DSL of between 90 – 117 days (see table
11). Western Amazonia shows no statistically significant increase in the length of the
DSL and when low-resolution models are stripped out there is a significant reduction in
the DSL of around 18 days. Southern Amazonia exhibits an increase in the DSL of 11.7
days, but is not statistically significant at the 5% level (see table 11). Overall, 12-model
ensemble simulations predict that there will be an increase in the DSL of 11.4 days, but
this difference is not statistically significant at the 5% level. High-resolution ensemble
simulations predict an even shorter increase in the DSL. As such, no definite
conclusions can be made regarding anticipated basin-wide changes in the DSL, whilst
certain regions do exhibit more significant predictions regarding projected DSL.
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4.3 Future precipitation changes over Amazonia based upon different RCP
scenarios
Ensemble

RCP2.6

RCP4.5

RCP8.5

a) HIGHRESOLUTION
ENSEMBLE

b) 12-MODEL
ENSEMBLE

-30

-25

-20
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-10
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0
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10

15

20

25

30

Figure 9 12-model ensemble and high-resolution ensemble maps of percentage precipitation change between the present and future,
utilising the CCSM4, MRI-ESM1, MRI-CGCM3, HadGEM-ES, IPSL-CM5B-LR, IPSL-CM5A-MR, IPSL-CM5A-LR, INM-CM4, CNRM-CM5,
CanESM2, BCC-CSM1.1(m) and BCC-CSM1.1 climate models.
Table 12 Mean monthly precipitation for the present and future using ensemble simulations of the following climate models: BCCCSM1.1(m), BCC-CSM1.1, CanESM2, CNRM-CM2, IPSL-CM5A-LR, IPSL-CM5A-MR, HadGEM2-ES, MRI-CGCM3 and CCSM4. Mean
monthly precipitation, standard deviation and statistical significance calculated for both time slices under RCP2.6, RCP4.5 and RCP8.5
scenarios. *Statistically significant at the 5% level using a two-tailed t-test.
Region
EA
SA
WA
NA

Mean
94.21
153.92
120.84
154.74

Present [1986-2005] (I)
Mean
SD
99.41
69.39
161.60
142.78
130.10
80.36
158.84
47.75
Future [2081-2100] (RCP4.5) (K)
SD
Diff (I-K)
t
64.24
5.2
1.557
129.46
7.68
1.962
67.74
9.26*
3.529
39.80
4.1
1.629

p
0.121
0.051
0.000
0.105

Mean
95.84
152.08
118.50
155.76

Mean
83.60
148.83
123.15
153.95

Future [2081-2100] (RCP2.6) (J)
SD
Diff (I-J)
t
58.87
3.57
0.966
127.01
9.52*
2.264
67.16
11.60*
4.6
43.14
3.08
1.165
Future [2081-2100] (RCP8.5) (L)
SD
Diff (I-L)
t
70.14
15.81*
4.457
134.09
12.77*
5.301
70.95
6.95*
3.167
46.94
4.88*
2.289

Ensemble simulations using climate models from the CMIP5 show a marginal decrease
in precipitation over large parts of Amazonia that is exacerbated by under RCP
scenarios (see figure 9a). Future 12-model ensemble simulations under the RCP2.6 and
RCP4.5 scenario show there to be a reduction of approximately 10% of precipitation in
and around western, central and eastern parts of Amazonia, with only a slight increase
of between 1-3% in precipitation around northern Amazonia. Under the RCP8.5
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scenario, changing precipitations patterns are closely mirrored to the RCP2.6 scenario
but are more intense in each region, with the most severe reduction in precipitation (2030%) modelled for parts of eastern Amazonia (see figure 9a). High-resolution ensemble
simulations offer similar results to 12-model ensemble simulations with a few notable
differences. Firstly, under all scenarios western Amazonia’s precipitation is predicted to
increase, relative to the previous RCP scenario, and the precipitation reduction in
eastern Amazonia is more intense.
There are significant differences between mean monthly precipitation depending on
region and RCP scenario. Western Amazonia will experience the significant differences
in projected precipitation under all 3 scenarios, t = 4.6, p = 0.000 (RCP2.6); t = 3.529, p
= 0.000 (RCP4.5); t = 3.167, p = 0.002 (see table 12). The RCP4.5 scenario forces the
smallest significant changes amongst all 4 regions with only the western region
experiencing a significant reduction in precipitation, whilst under the RCP2.6 scenario
both western and southern Amazonia experience statistically significant reductions in
precipitation (southern region t = 2.264, p = 0.024). Under the RCP8.5 scenario, all
Amazonian regions are projected to experience a significant reduction in precipitation
(see table 12). The eastern and northern regions of Amazonia are the only areas not to
exhibit significant reductions in precipitation under both the RCP2.6 and RCP4.5
scenario, however under the RCP8.5 scenario they exhibit the most significant
increases in precipitation. Southern Amazonia exhibits the greatest SD consistently
amongst present day and RCP projections, indicating a greater spread of precipitation
values either side of the mean. Generally, all regions exhibit greater precipitation
variability (higher SD’s) in relation to higher greenhouse gas concentrations. Overall, the
difference in projected precipitation is similar for all Amazonian regions under both the
RCP2.6 and RCP4.5 scenario but significantly different for all regions under the RCP8.5
scenario (see table 12). This is corroborated by percentage changes maps, which show
similar Amazonian precipitation patterns under RCP2.6 and RCP4.5 scenarios, but
significant reductions in precipitation over multiple regions under the RCP8.5 scenario
(see figure 9).
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Figure 10 Line graphs of 9-model ensemble mean monthly precipitation from 9 different climate models
between 2081-2100 and corresponding graphs with linear lines of best fit for 3 different RCP scenarios, for a)
eastern Amazon; b) southern Amazon; c) western Amazon; d) northern Amazon.
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Figure 11 Line graphs of 9-model ensemble mean monthly precipitation from 4 different high-resolution climate
models between 2081-2100 and corresponding graphs with linear lines of best fit for 3 different RCP scenarios,
for a) eastern Amazon; b) southern Amazon; c) western Amazon; d) northern Amazon.
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There are clear trends associated with mean monthly precipitation and different RCP
scenarios. 9-model ensemble simulations utilising climate models from the CMIP5 show
that in each Amazonian region mean annual rainfall is extremely variable in the future
under all RCP scenarios (see figure 10). Whilst RCP2.6 and RCP8.5 scenarios exhibit
reductions in precipitation in the future in all Amazonian regions, RCP4.5 generally
exhibits an increase in precipitation for all regions. At the end of the 21st century there
are disparities between levels of mean monthly rainfall amongst all Amazonian regions
for each RCP scenario and no clear trends (see figure 10). The respective increase in
precipitation under the RCP4.5 scenario in all Amazonian regions is closely related to
high levels of mean monthly precipitation between the years 2088-2097. This is evident
in the time-series line graphs that show a number of spikes in precipitation during this
period under the RCP4.5 scenario. High-resolution ensemble simulations exhibit similar
trends to 9-member ensemble simulations, but with less variability (see figure 11) and
greater consistency among models. As with 9-model ensemble simulations, precipitation
is predicted to increase in all regions under the RCP4.5 scenario, except for eastern
Amazonia where minor reductions in precipitation are anticipated. Overall, all regions
show a respective decline in future precipitation under both the RCP2.6 an RCP8.5
scenarios, contrasted with an increase in precipitation under the RCP4.5 scenario. Highresolution ensemble simulations exhibit similar trends but with far less variability visible
in time-series graphs (see figure 11).
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4.4 The 2005 drought and the probability that it will be repeated in the future
Present

Future

a)	
  

b)	
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c)	
  

d)	
  

Figure 12 Histograms displaying the frequency of monthly precipitation for the present and future with 12-model ensemble
simulations, under the RCP8.5 scenario. Results displayed for the following regions: a) eastern Amazonia, b) southern
Amazonia, c) western Amazonia, d) northern Amazonia.
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Table 13 Lowest recorded monthly precipitation figures from 2004-05 based upon 12-model and highresolution ensemble simulations, under the RCP8.5 scenario. Compared with probability (%) that this lowest
modelled precipitation ‘threshold’ will be breached again in the future. Data for eastern, western, southern
and northern Amazonian regions.
Lowest modelled precipitation
(mm/month)
Region

Ensemble
(12 models)

Ensemble
(7 models)

Eastern Amazonia
Southern Amazonia
Western Amazonia
Northern Amazonia

41.19
5.2
22.24
78.69

69.24
7.18
23.41
79.03

Probability
of Breach
(Ensemble
12 Models)
27.08%
14.00%
0.83%
3.75%

Probability
of Breach
(Ensemble 7
Models)
32.08%
7.92%
0.00%
0.42%
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Figure 13 Time series line graphs showing lowest recorded mean monthly precipitation for each year between 2081-2000
under the RCP8.5 scenario and the 2005 established drought threshold. Results utilising 12-model and high-resolution
ensemble simulations included.

Results indicate that there is a strong possibility that certain Amazonian regions are
likely to experience reduced precipitation in the future, with a strong possibility that
these regions will reach critical precipitation thresholds seen in the 2005 drought.
Histograms of mean monthly precipitation indicate that for all Amazonian regions,
except the northern region, there is a shift in the normal distribution curve towards
reduced precipitation and drier months (see figure 12). A critical assessment of changes
in mean monthly precipitation between the present and future will not be addressed her
as this has been done in section 4.1. 12-model and high-resolution model ensemble
statistics assessing the probability that future precipitation will reach the lowest mean
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monthly precipitation of the 2005 drought indicate similar results. Whilst the probability
that western and northern Amazonia will breach 2005 drought thresholds is marginal,
southern and particularly eastern Amazonia show strong probabilities that these will be
breached (see table 13). There is a 27.08% (12-model ensemble) and 32.08% (highresolution ensemble) chance that future precipitation will reach 2005 drought thresholds
whilst in southern Amazonia there is a 14% (12-model ensemble) and 7.92% (highresolution ensemble) chance that these thresholds will be breached (see table 13).
Time-series line graphs support the findings of frequency histograms and probabilities
assessed in this section. Precipitation in western and northern Amazonia is likely to
remain above the drought threshold for most years between 2081-2100 (see figures 13c
& 13d). However, in southern Amazonia there is marked increase in seasonality with
lowest modelled precipitation being predicted to fall above and below the 2005 drought
threshold (see figure 13b). Finally, in eastern Amazonia both 12-model and highresolution ensemble simulations indicate that lowest modelled mean monthly
precipitation will fall well underneath the 2005 drought threshold for all years between
2081-2100 (see figure 13a). Overall, results indicate that there is a strong possibility
eastern Amazonia will breach 2005 drought thresholds through significant reductions in
mean monthly precipitation. Contrastingly, western and northern Amazonia are unlikely
to breach the 2005 drought threshold, whilst southern Amazonia’s precipitation between
2081-2100 is unpredictable and highly variable (see figure 13b).
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5. Discussion
5.1 The spatial extent and specific location of future changes in precipitation
A comprehensive analysis of future precipitation over Amazonia indicates that there are
moderate basin-wide future precipitation changes and significant inter-regional
differences in projected precipitation (see table 9). This contradicts findings from the
IPCC 4th report that asserts there is no significant change in predicted future annual
rainfall based upon ensemble simulations from the CMIP3 (Christensen et al., 2007;
Meehl et al., 2007). 12-model ensemble predictions show that eastern Amazonia is
likely to experience marked reductions in future precipitation and mean monthly
precipitation which are significantly different to other Amazonian regions (see table 10).
These reductions in eastern Amazonian precipitation have been attributed to anomalous
heat and water vapour fluxes from the Pacific Ocean into the atmosphere under ENSO
(Grimm et al., 2009: 1589), with past studies indicating that in South America 16 dry
episodes were directly related to 17 ENSOs (Ropelewski et al., 1987: 1621). Extant
literature supports a marked drying over eastern Amazonia (Marengo et al., 2009, Li et
al., 2006; Marengo et al., 2012). However, 12-model ensemble simulations capture a
more intense reduction in eastern Amazonian precipitation that is not depicted in
literature, which is accentuated under high-resolution ensemble simulations. This
disparity can be explained by high-resolution CMIP5 models, which are better equipped
to model SSTs.
Ensemble simulations and mean monthly precipitation data show mixed results
regarding future precipitation in southern Amazonia. Mean monthly precipitation
indicates southern Amazonian will experience the greatest reduction in precipitation out
of all regions. However, both 12-model and high-resolution ensemble simulations (see
figures 8a & 8b) indicate that southern Amazonia is unlikely to experience a significant
change in future precipitation. This discrepancy in predictions is primarily due to site
selection, a significant limitation of this study as specific research points may not be
indicative of regional precipitation trends. As such, modelled changes in southern
Amazonian precipitation are somewhat discordant with extant literature that suggest
southern Amazonia’s future precipitation regime is similar to eastern Amazonia (Cook et
al., 2012). High standard deviations in southern Amazonia’s mean monthly precipitation
also offers a complex outlook on predicted precipitation. They are as a result of either:
significant disagreement between CMIP5 climate models or greater seasonality in
southern Amazonia compared to other Amazonian regions (Cook et al, 2012: figure 1).
As such, this research strongly suggests that further empirical analysis of southern
Amazonia is necessary to resolve some of the disparities regarding projections of
regional precipitation and to ascertain the nature of high standard deviations.
36

Andrew Howes

Dissertation BSc

4190405

Western Amazonia exhibits similar trends compared to southern Amazonia with
decreases in mean monthly precipitation, but marginal increases in precipitation
depicted in high-resolution ensemble simulations. These increases in precipitation are in
accordance with extant research assessed in the literature review of this study
(Marengo et al., 2009; Malhi et al., 2009; Cook et al., 2012; Marengo et al., 2012).
However, potential future reductions in mean monthly precipitation are concerning due
to the relationship between low precipitation in western Amazonia and drought during
2005 (Zeng et al., 2008). Northern Amazonia’s future precipitation regime is predicted to
remain fairly stable based on this research (Malhi et al., 2008).
The primary purpose of this research is to assess the changes in predicted Amazonian
precipitation, whilst issues of robustness remain a periphery focus for this project.
However, results from this study strongly indicate that ensemble simulations based
upon certain model criteria have merit for future research. Knutti et al. (2008: 4660)
states that the value of projections is boosted where multiple models are available,
which is corroborated by Zhao (2014: 426) who concludes that ensemble mean
predictions are better than individual models in simulating the long-term changes of
precipitation. However, CanESM2 predictions (a low-resolution climate model with a
horizontal grid resolution of only 2.813° x 2.79°) combined with IPSL climate model
predictions (see figures 8f & 8g) depict significant precipitation changes in eastern and
western Amazonia that are clearly discordant with extant literature (Cook et al., 2012;
Malhi et al., 2009). Changes in regional precipitation between the present and future are
significantly different under high-resolution ensemble simulations, overall regional
precipitation is more significant between regions and results are more aligned to extant
literature. Therefore, this study proposes that metrics that future research should
attempt to assign different weight to GCMs in order to generate more accurate
representations of future regional precipitation patterns (Cook et al., 2012: 6).
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5.2 Long-term seasonal changes and DSL over Amazonia
A comprehensive analysis of future Amazonian precipitation using climate models from
the CMIP5 indicates that there will be a moderate increase in the DSL of 11.4 days over
Amazonia. This is concordant with the work of Cook et al. (2012) and Joetzjer et al.
(2013) who indicate a lengthening of 10 days and 2 weeks respectively. There is high
agreement amongst models that there will be a significant increase in the DSL of 18
days over eastern Amazonia (see table 7). This supports the work of Malhi et al. (2009)
who asserts that there will be a high-probability of some increase in dry-season intensity
in eastern Amazonia. As highlighted in the literature review, a key objective of this
research was to resolve discrepancies between the intensity of projected changes in the
DSL. Whilst the basin-wide predicted increases in DSL are marginal and comparable to
some extant literature (Joetzjer et al., 2013; Cook et al., 2012), eastern Amazonia’s
predicted change in DSL is more intense and comparable to the findings of Polade et al.
(2014) and Fu et al. (2013). Contrastingly, southern Amazonia is predicted to
experience an increase in the DSL of around 11.5 days, supporting the work of Cook et
al. (2012), yet this difference is not rendered statistically significant at the 5% level due
to disagreement between models. This lack of agreement amongst models is of specific
concern considering the pivotal relationship between DSL in southern Amazonia and
drought (Zeng et al., 2008; Marengo et al., 2011). Western and northern Amazonia’s
DSL are not likely to change considerably, particular under high-resolution ensembles.
This concurs with extant literature regarding DSL in these regions (Cook et al., 2012; Li
et al., 2006).
This research proposes that a greater analysis and modelling of NA and Pacific SST’s
will help provide a more comprehensive representation of future changes in DSL over
Amazonia. The relationship between tropical NA SST’s and DSL is complex due to the
influence of ENSO on this linkage (Yoon et al., 2010: 260; Zeng et al., 2008: 7).
Similarly, climate models have difficulty in accurately depicting zonal SST changes
(Richter et al., 2008) that may ultimately affect the accuracy of overall simulations (Cook
et al., 2012: 21). Yoon et al. (2010) attributes the NA SST’S as the trigger behind an
extension in the southern Amazonian DSL and Pacific SSTs (ENSO) as the root of
basin-wide precipitation variability. This relationship between SST’s, particularly the NA,
is pivotal for an accurate understanding of future DSL and the respective forcing
mechanisms. Therefore, this research proposes that future work on Amazonia should
incorporate a critical framework of multiple linear regression analysis for a coupled
investigation into future Amazonian DSL and SST’s (Yoon et al., 2010).
Finally, the response to DSL is still very uncertain at the regional scale, and is not
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necessarily consistent between different metrics (Burke et al., 2008: 292). Chen et al.
(2014) uses the No-Rainfall-Day (NRD) extreme indicator indice, Sillmann et al. (2013)
uses the Consecutive Dry Days (CDD) indice to define DSL and this research has used
the 100mm/month threshold to define DSL. However, this research finds such metrics to
be restrictive. As such, this research highlights the need for greater accuracy and
synthesis between future regional studies that assess DSL in order to provide a more
comprehensive overview of future Amazonian precipitation. Furthermore, these
thresholds do not directly take into account evapotranspiration or vegetation feedback,
which must be accounted for in future DSL indices and thresholds (Chen et al., 2014:
2734; Joetzjer et al., 2013b).
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5.3 Future precipitation changes over Amazonia based upon different RCP
scenarios
Increases in atmospheric greenhouses gases are likely to cause significant changes to
the world’s climate (Cox et al., 2000) and CO2 is likely to heavily influence precipitation
due to its radiative effect (Bathiany et al., 2014: 7164). The reduction in projected
precipitation over Amazonia modelled under ensemble simulations and high-resolution
ensemble simulations (see figures 8a & 8b) is predicted to intensify systematically under
different RCP scenarios. These significant reductions in precipitation are linked to
changes in oceanic and land surface feedbacks, which are exacerbated under
increased CO2 concentrations, (Li et al., 2006). Precipitation is projected to decrease
marginally over large parts of Amazonia under RCP2.6 and RCP4.5 scenarios, however
under the RCP8.5 scenario there is a projected intensification of these spatial trends
(see figure 9). This corroborates contemporary extant literature, which highlights similar
spatial patterns between RCP4.5 and RCP8.5 but a much stronger intensification of
precipitation reduction under the RCP8.5 scenario (Zhao et al., 2014).
Extant literature identifies similarities in increasing temperature under different RCP
scenarios, but highlights that future precipitation trends exhibit significant regional
dependencies (Zhao et al., 2014). This is clear from future precipitation data, which
shows significant similarities in precipitation trends under the RCP2.6 and RCP8.5
scenarios but a somewhat discordant increase in regional precipitation under the
RCP4.5 scenario. The robustness of this key finding is supported by high-resolution
ensemble simulations, which also predict increased precipitation under the RCP4.5
scenario for most Amazonian regions (see figure 11), with eastern Amazonia as the only
region where precipitation increases in high-resolution ensemble simulations. This
relationship between trends is mirrored in extant research, with Zhao et al. (2014)
highlighting an increase in precipitation under the RCP4.5 scenario for North America.
However, not all regions in his study exhibit this trend. The overriding conclusions from
this research indicate that under certain greenhouse gas concentrations a reduction in
precipitation is mitigated, which is not seen under lesser or more extreme greenhouse
gas scenarios.
A potential explanation for this trend is CO2 fertilisation, a heavily contested
contemporary research area. CO2 fertilisation relates to increases in carbon storage that
happen as a result of enhanced photosynthesis under high CO2 atmospheric
concentrations (Cook et al., 2012: 20). Ensemble simulations from this research
indicate that CO2 concentrations under RCP4.5 are optimal for water efficiency within
plants, which has the potential to increase net primary productivity that will ultimately
influence transpiration and the amount of water in the atmosphere available to
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precipitate (Bathiany et al., 2014). However, there is large uncertainty as carbon storage
can decrease as a result of higher respiration associated with increasing temperatures,
and models fail to robustly model this balance between respiration and photosynthesis
(Flato et al., 2013: 791). Furthermore, few studies have sought to address the role of
CO2 fertilisation upon precipitation specifically. Matthews (2007) utilised a coupled
climate-carbon model and assessed the relationship between CO2 fertilisation and
climatic feedbacks by stripping out the effects of fertilisation in certain simulations. This
is mirrored in the contemporary work of Zhang et al. (2015) where a comprehensive
analysis of fertilisation was undertaken to assess the impact on future Amazonian
vegetation change. The relationship between fertilisation and precipitation was implicit
within both studies, but there were no direct comparisons. Whether this is even possible
at all is unknown, but evidence from this research clearly indicates that finer-scale
processes are involved in future Amazonian precipitation and carbon fertilisation is a
key area for future research. The RCP6.0 scenario was omitted for this research on the
basis that it was deemed ‘unnecessary’. However, further regional analysis under the
RCP4.5 scenario, along with the RCP6.0 scenario also, would offer insight into the
relationship between specific greenhouse gas concentrations and predicted Amazonian
precipitation.

41

Andrew Howes

Dissertation BSc

4190405

5.4 The 2005 drought and the probability that it will be repeated in the future
Most seasonal forecasts did not predict the intense reduction in rainfall during the
drought of 2005 in southwestern Amazonia (Marengo et al., 2008: 514). Therefore, this
study has been used to assess the potential for future precipitation reduction at the
2005 level based on CMIP5 ensemble simulations. This research indicates that most
Amazonian regions are likely to experience an overall shift in drier conditions. However,
eastern Amazonia is the region of greatest concern with a high probability that a 2005
drought threshold will be breached consistently. Similarly, there is an 8-14% chance
that the 2005 drought threshold will be breached in southern Amazonia. The probability
of this threshold being breached in western Amazonia is lowest, which contradicts the
work of Cook et al. (2008) where high NA SSTs, which were responsible for significant
reductions in western Amazonia’s DSL during the 2005 drought, are predicted to
increase over the 21st century. This discrepancy is primarily related to the metrics used
in this study and Cook et al.’s (2008) research. Whilst Cox et al.’s (2008) study used NA
SSTs as an indicator to determine projected DSL in western Amazonia and the resultant
likelihood of drought recurrence, this research utilised precipitation thresholds due to the
well-documented relationship between DSL and drought in 2005 (Zeng et al., 2008).
As previously discussed, there are distinct relationships between SST’s in the North
Atlantic and Pacific Ocean (Cook et al., 2012) and DSL. These relationships were
utilised by Cox et al. (2008) to determine the probability of the 2005 drought being
repeated. However, as his research was limited to the relationship between SSTs and
one Amazonian region only, its scope was limited. Furthermore, Bathiany et al. (2014:
7164) indicates that probable changes in SST’s will be less important in the future,
whilst radiative forcing over land increases and potentially becomes the dominant driver
of precipitation change. Therefore, this research proposes that more robust metrics for
assessing the causes and effects of the 2005 drought will facilitate greater accuracy in
determining the probability of drought recurrence (at the 2005 level) in different
Amazonian regions. This can be achieved through refinement of critical thresholds due
to inherent uncertainties associated with Amazonian thresholds (Collins et al., 2013).
Similarly, numerical experiments that address warming in the Atlantic, but discriminate
between natural and human-induced forcings, could be used to explain the nature of the
2005 drought and assess the likelihood of a recurrence (Marengo et al., 2008: 515)
Overall, this study is the first to use CMIP5 climate models to address the probability of
whether precipitation conditions during the 2005 drought will be repeated in the future.
Results, indicate that eastern and southern Amazonia’s precipitation regime will
intermittently exceed the 2005 drought threshold, which contradicts the findings of Cox
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et al. (2008) who predicted that DSL was projected to increase past 2005 levels, based
on the signal from NA SSTs. Refined metrics and an enhanced understanding of SSTs
will not only elucidate whether the 2005 is likely to be repeated but will also serve a dual
purpose of helping future research better assess the nature of DSL in Amazonia.
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6. Conclusion, limitations and future study
Future climate change in Amazonia is a key area of contemporary climate research and
precipitation is a particular challenge for climate models (Malhi et al., 2009). Therefore,
this research has sought to critically analyse future Amazonian precipitation change
using the most sophisticated climate models available from the CMIP5. Ensemble
simulations indicate that eastern Amazonia will experience significant reductions in
precipitation, which is concordant with contemporary literature (Malhi et al., 2009; Cook
et al., 2012; Marengo et al., 2009; Li et al., 2006; Joetzjer et al., 2013; Zhang et al.,
2015). Whilst observed trends in eastern Amazonian precipitation from this study are
largely supported by contemporary literature, the magnitude and intensity of predicted
precipitation reduction from this study is not adequately grasped by aforementioned
research. These differences may be attributed to the higher-resolution models used in
this study that afford greater accuracy (Knutti et al., 2013), however further regional
analysis is necessary to validate these findings.
Western and southern Amazonia have previously been key regions of study in extant
literature. This is due to the relationship between reductions in precipitation over these
regions and basin-wide drought (Zeng et al., 2008; Cox et al., 2008). Results from this
study indicate that southern Amazonia’s future precipitation regime is unclear and
complex, rather than specifically drought prone (Malhi et al., 2008; Cook et al., 2012).
This is in large part due to discrepancies between models and an inherent regional
seasonality that makes extracting clear precipitation trends difficult. Western
Amazonia’s projected precipitation regime exhibits some concerning signs, such as
significant reductions in mean monthly rainfall under all RCP scenarios, but highresolution simulations predict marginal increases in precipitation over western Amazonia
and a significant reduction in the DSL. Precipitation over northern Amazonia is predicted
to remain stable or marginally increase in the future, based on the results from this
study.
This research has also assessed the relationship between different greenhouse gas
concentrations and future regional precipitation trends over Amazonia. Whilst
precipitation under RCP2.6 and RCP8.5 exhibits similar tendencies, empirical analysis
has shown that under the RCP4.5 scenario precipitation is predicted to increase in most
Amazonian regions. This increase in precipitation may be due to CO2 fertilisation or
other regional scale forcings. However, large uncertainty surrounds the relationship
between regional precipitation and greenhouse gas concentrations. Therefore, this
research recommends further intensive analysis into the relationship between different
greenhouse gas concentrations and localised precipitation patterns.
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Assessing the robustness of climate models was not an express feature of this research
project, however 12-model and high-resolution ensemble simulations were presented
throughout in order to convey a basic overview of the clarity that individual models offer
to future precipitation predictions. High-resolution ensemble simulations consistently
showed more intense regional disparities, less variability between models and results
that were more aligned with extant literature. 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 (Cook et al., 2012: 6). However, this research
recommends that systems, which use crude metrics to assess the value of individual
climate models (Li et al., 2008), should be employed in future research.
Due to the complex nature of climate modelling there were a number of significant
limitations attached to this research project. Importantly, data interpolation to a 2.5° by
2.5° horizontal grid (Cook et al., 2012) was beyond the scope of this investigation due to
software limitations. As a result, regional analysis was based upon the selection of
single study points and ensemble datasets were combined manually, introducing a wide
margin of error and significant biases based on site selection. Furthermore, this
research attempted to demarcate Amazonian boundaries of four different regions for the
first time. As such, future research needs to focus on establishing clear boundaries for
different regions that have so far only been qualitatively established in extant literature.
To gather primary data in precipitation research lies beyond the scope of this bachelor
dissertation, yet a limitation of this study could be seen to be the application of solely
secondary data for the multivariate analyses. Future research should include collection
of new primary data and field study research in the specific geographical area to assess
issues of model robustness. It is hoped that a significant contribution of this dissertation
is the new statistical analyses of the data at a regional level. Future research should
continue to explore regional variations in greater detail.
The aim of this research project was to analyse future precipitation over Amazonia using
the most sophisticated climate models available. Despite the respective improvements
of CMIP5 models in depicting future precipitation, climate modelling is by no means an
exact science. However, results from this investigation have highlighted concerning
reductions in precipitation over certain Amazonian regions and complex regional
responses to varying concentrations of greenhouse gases. Therefore, future research
must seek to build on this study, therefore enabling policymakers and politicians to plan
for and mitigate future climate change in Amazonia before it is too late to act.
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8. Appendix
Table A1 List of all the climate models used and also those discarded from our analysis. Details of the models can be online (at:
http://cmip-pcmdi.llnl.gov/cmip5/availability.html) *Model used in this study
Institute
BCC (Beijing Climate Centre)
BNU (Beijing Normal University)
CCCMA (Canadian Centre for
Climate Modelling and Analysis)
CMCC (Euro-Mediterranean
Center on Climate Change)

CNRM-CERFACS (Centre
National de Recherches
Meteorologiques-Centre Europeen
de Recherche et Formation
Avancees en Calcul Scientifique)
CSIRO-BOM (Commonwealth
Scientific and Industrial Research
Organisation & Bureau of
Meteorology, Australia)

CSIRO-QCCCE (Commonwealth
Scientific and Industrial Research
Organisation in collaboration with
the Queensland Climate Change
Centre of Excellence)
FIO (First Institute of
Oceanography)
ICHEC (Irish Centre for High-End
Computing)
INM (Institute for Numerical
Methematics)
IPSL (Institut Pierre-Simon
Laplace)

MOHC (Met Office Hadley Centre)
MRI (Meteorological Research
Institute)
NCAR (National Centre for
Atmospheric Research)

Model
BCC-CSM1.1*
BCC-CSM1.1(m)*
BNU-ESM

RCP2.6
✓
✓
✗

RCP4.5
✓
✓
✗

RCP8.5
✓
✓
✗

Info.
Missing 2100 x3

CanCM4

✗

✓

✗

CanESM2*

✓

✓

✓

CMCC-CESM

✗

✗

CMCC-CM

✗

✓

✓

CMCC-CMS

✗

✓

✓

CNRM-CM5*

✓

✓

✓

ACCESS1.0

✗

✓

✓

OpenID – ‘Unable to
Process Claimed Identity

ACCESS1.3

✗

✓

✓

OpenID – ‘Unable to
Process Claimed Identity

CSIRO-Mk3.6

✓

✓

✓

OpenID – ‘Unable to
Process Claimed Identity

FIO-ESM

✓

✓

✓

EC-Earth

✗

✓

✓

INM-CM4*

✗

✓

✓

IPSL-CM5A-LR*

✓

✓

✓

IPSL-CM5A-MR*
IPSL-CM5B-LR*
HadGEM2-ES*

✓
✗
✓

✓
✓
✓

✓
✓
✓

MRI-CGCM3*

✓

✓

✓

MRI-ESM1*

✗

✗

✓

CCSM4*

✓

✓

✓

Hyperlinks Dead
Doesn’t Cover Correct
Time Period
Doesn’t Cover Correct
Time Period
Doesn’t Cover Correct
Time Period
Doesn’t Cover Correct
Time Period

OpenID – ‘Unable to
Process Claimed Identity
Doesn’t Cover Correct
Time Period (Historical)

Missing 2100 x3
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Table A2 List of parameters from ESGF website that could be manipulated to find required data. Explanation of each
parameter provider and examples of parameters chosen also specified.
Parameter
Project

Variable Selected
CMIP5/Historical

Institute

BCC/BNU/CCCMA etc

SubModel
Instrument
Experiment Family
Experiment
SubExperiment

BCC-CSM1.1/CanESM2/ CNRM-CM5
etc
RCP (Not for Historical)
RCP2.6/RCP4.5/RCP8.5
-

Time Frequency

mon

Product

-

Realm

-

Model

Variable

Parameter Explanation
Selection of the institute where the
model was run
The specific climate model attached to
that institute

The RCP scenario of the data
Regularity of the data available for
download (days/month/years)

pr (select either variable or variable

The modelling component (e.g. Land,
Ocean Ice etc) that is of particular
relevance for the dataset
Abbreviated name of the variable being

long name)

investigated

Variable Long Name

Precipitation

CMIP Table

-

CF Standard Name

-

Ensemble Name

r1i1p1

Data Node

-

Name of the variable for being
investigated

Closely related simulations by a single
model
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