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Abstract

It is known that the Amazon region plays an important role in the global en-
ergy, hydrological cycle and carbon balance. This region has been suffering
from the course of the past 40 years intense land use and land cover changes.
With this in mind, this study has examined possible associations between
change in spatial and temporal rainfall variability and land cover change in the
Amazon, using the PRECIS regional modelling system. It has been found that
the impacts of land cover change by forest removal are more intense in the
so-called “Arc of deforestation” over central and southern Amazonia. However,
the relative impact of the simulated rainfall changes seems to be more important
in the JJA dry season. In addition, the simulations under the deforestation sce-
narios also show the occurrence of extreme rainfall events as well as more fre-
quent dry periods. Therefore, the results found show to be potentially important
in the modulation of regional climate variations which have several environ-
mental and socio-economic impacts.
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1. Introduction

Over a large part of tropic, the south America east of the Andes, the Amazon
rainforest covers an area of ~5.3 million km? accounting for 40% of global trop-
ical forest area and comprises the largest and most biodiversity tract of tropical
rainforest in the world [1] [2]. It is known that the Amazon rainforest plays an

important role in the global energy, hydrological cycle and carbon balance, and
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has been suffering from the course of the past 40 years intense deforestation [3]
[4] [5] [6]. After a long period of massive deforestation, Amazon forest loss
dropped dramatically to levels never previously recorded on recent decades. How-
ever, more recently, deforestation rates seem to be increasing again and the eastern
and southern portion of the basin could continue to be a deforestation hotspot
in Brazil. Estimates of the PRODES (Amazon Deforestation Monitoring Project)
(INPE 2015) indicate an increase of 24% from August 2014 to July 2015, com-
pared with the previous period, from August 2013 to July 2014. This is the high-
est rate in the last four years and deforestation trends have been shown to be more
complex, involving social, political and economic factors acting at multiple scales
(7] [8].

Precipitation over the Amazon shows a strong spatial-temporal variability.
More details about rainfall regimes and their variability in the Amazon basin see
[6] [9]-[14], among others. Despite annual rainfall in the Amazon basin being
ge-nerally above 2000 mm, about two-thirds of the Amazon forests experience a
marked dry season from July to October. The timing and duration of the dry sea-
son could be different depending on the year and the location, with more rainfall
during austral summer and fall and less rainfall during the austral winter. [15] de-
fines dry month as the months where rainfall is below 100 mm/ month, and this
criteria has been widely used [16] [17].

The atmospheric flows of water vapour in South America show that moisture
over the Amazon basin comes mainly from the tropical Atlantic Ocean [18] [19].
However, the coupling between atmosphere-ocean-land plays an equally impor-
tant part in the moisture transport as water-vapour fluxes reveal that a large
amount of the Amazon precipitation is due to evapotranspiration from the Ama-
zon basin, especially during the summer [20] [21]. The role of the forest in the
water recycling has been explored since the late 1970s [9], and recent work by
Makarieva et al [22] suggests an active role of the vegetation in the regional wa-
ter cycle. Therefore, land cover changes through atmospheric feedbacks can have a
striking impact on the local, regional and even global mean climate as well as cli-
matic extremes and variability [23] [24].

The hydrology of the Amazon region may be affected by extremes dry and wet
conditions and those extremes may affect the human systems by means of affe-
cting river transportation, and also the natural systems by means of alteration
water and carbon cycles. For instance, droughts in 2005 and 2010 have altered
dramatically the hydrology of Amazon river and also the carbon balance, due
mainly to an increase in the number of fires and related injection of smoke and
aerosols in the regional atmosphere [6] [25] [26] [27] [28] [29] and the refer-
ences therein.

Land cover change can produce noticeable impacts on the land surface energy
balance, hydrological and biogeochemical cycles through modifying the physical
properties of the land surface [21] [30] [31] [32] [33]. Through these exchanges,
land use change may have a direct influence on the Amazon precipitation pattern

[34] [35], and is therefore matter of particular social, economic and environmental
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interest once that the Amazon is home to more than 40 million people, which,
despite intense urbanization, still live and depend on the region’s natural re-
sources.

Presently, the best way to understand the complex nature of land surface-at-
mosphere interactions and their impact on rainfall is through land use sensitivity
studies using various types of environmental models. The influence of land cov-
er change in the Amazon climate has been widely discussed in observational and
modeling studies since the 1980’s [23] [32] [36]-[46], and several others. They all
agree that in the vast Amazon deforestation scenario, the land cover change may
cause a regional climate change, with rainfall reduction and temperature increa-
ses in the region. However, the amplitude, sign and distribution of precipitation
change differ and depend on the type of model and the methods for describing
and representing land use and land cover change.

Recently, Spracklen and Garcia-Carreras [35] arranged all relevant peer-re-
viewed papers published over the last 40 years based on analysis of model simu-
lations of the impacts of Amazon deforestation (deforested areas varied from
10% to 100%) on rainfall. Results show that more than 90% of simulations agree
on the sign of change and deforestation influences regional rainfall as simulated by
the model and in general; it leads to a reduction in rainfall. However, there are
some differences between them mainly in term of amplitude, magnitude and pre-
dictability that is strongly dependent on the spatial and temporal scales being
considered [47] [48] [49] [50] [51]. For instance, the increase in rainfall is mainly
observed in smaller deforestation extent, while the majority of experiments with
high deforestation rates simulate a reduction in rainfall. Furthermore, the authors
alto emphasize that simulated change in rainfall are highly dependent of the cli-
mate model—land surface model—used [52].

Furthermore, several studies of Amazon deforestation have indicated that large-
scale deforestation may lead to warmer surface temperatures and less evaporation
and rainfall. For instance, Sampaio et al [46] used the CPTEC AGCM to dem-
onstrate that land-use changes for pasture and soybean cropland expansion can
lead to increases in near-surface air temperature due to increased surface sensible
heat flux and decreases in evapotranspiration and precipitation, changes which
mainly occur during the dry season. The authors suggest that there might be an
apparent tipping point in the precipitation regime following deforestation. There
is a significant reduction in precipitation when the area of deforestation exceeds
40% of the eastern Amazon. Malhi et al [24] observed that land-use changes
might reduce cloudiness, increasing insolation, and enhance land surface reflec-
tance. Fires in the region consequence of drier atmosphere also lead to changes in
atmospheric aerosol loading, from biomass burning mainly during the dry season
and therefore influence the formation of clouds and precipitation [53].

Lee et al [54] explored the possible influences of the impact of land cover
change by using the NCAR/CAM3 and showed remarkable impacts on precipita-
tion mainly during dry season and in regions of relatively low annual rainfall.

They found also that land use change can lead to more surface warming.
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Even in the absence of anthropogenic deforestation, some climate projections
indicate a risk of climate change-driven rainforest dieback [55] [56]. In addition
to the reduced precipitation predicted under conditions of extensive deforesta-
tion, “savannization” consequence of the “dieback” of the Amazon forests is ex-
pected in Eastern Amazonia under warming scenarios associated with anthropo-
genic climate change [57] [58]. Observational studies showed that a reduction re-
gional precipitation in tropical rainforest affected significantly the tree mortality
rate and consequently can lead to reduce ecosystem resilience [59].

It should be noted that the majority of simulations and studies have been used
GCMs to assess the impact of land use change on climate. However, although
these models describe important physical elements and processes in the atmos-
phere, oceans and land surface that make up the climate system, they have a coarse
spatial resolution and cannot represent the fine-scale detail that characterises the
regional climate especially in regions with heterogeneous land surface cover [35].
Therefore, use of regional climate models should potential improve the re-pre-
sentation of the climate information that is important for impact assessments at a
regional level. Improvements in the spatial resolution of the models, realistic
land covers and convection schemes, for example Xue et al [60] that the new ve-
getated dataset (changes in particular in LAI, soil properties were deemed im-
portant) produced significantly different latent heat flux’s and surface tempera-
tures which can cause a significantly different response in rainfall and atmos-
pheric circulation. Nonetheless, for South America, few studies have used regional
climate models specifically designed to evaluate the effects of anthropogenic land
cover and land use change at the scale of the Amazon basin.

Even having significant reduction rates in recent years the deforestation in Bra-
zilian Amazon still has been a dominant theme of global environmental agenda,
generating huge concern mainly because the ongoing expansion of cattle and
agribusiness in Amazonia, and this is expected to continue over next decades as
consequence of rapidly expanding global markets for agricultural commodities,
large-scale transportation and energy infrastructure projects, and weak institu-
tions [5] [61]. In addition, various assessments of IPCC and many studies have
identified Central and South America, including Amazon basin, as regions with
high vulnerability to future climate change [62] [63]. Overall, the Amazon basin is
vulnerable through a combination of human influences, including deforestation,
fire and climate change [64].

With this in mind, this study is aimed to assess the impact of land use scena-
rios for the Brazilian Amazon based on the second generation Hadley Centre re-
gional climate model known as PRECIS (Providing Regional Climates for Im-
pacts Studies) [65]. These are the key research questions that drive this study: (a)
What is the impact of land surface changes on the climate of Amazon basin, par-
ticularly on changes on the seasonal rainfall variability; and (b) Are those changes
affecting the timing and duration of the rainy and dry seasons, and in the fre-
quency and intensity of climate extreme events, such as drought and flooding in

the region?
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2. Methods

Model description and experimental design

PRECIS was developed at the UK Met Office Hadley Centre as a system for
generating high-resolution climate change information for any region of the
world. It incorporates a regional climate model RCM in a user-friendly tool in or-
der to gain the necessary scientific and technical knowledge by means of using
models and conducting climate change and impacts studies. PRECIS has been
used around the world over a broad range of research subjects, including climate
vulnerability and impacts: Africa [66]; China [67]; South America [68] [69];
South Asia [70]; Central America and México [71] and the Caribbean [72].

As part of the PRECIS System, the HadRM3P was chosen on the basis that it is
not only easy to run but can allow the aims of the study to be achieved in the time
available, especially for the land cover studies and climate projections. Another
main point to consider was the fact that HadRM3P model does a reasonably good
job representing South America climate patterns compared with other models
[69] [73]. In fact, simulations from the HadRM3P model climatology for the
present climate were presented by Alves and Marengo [69]. This study evaluates
the skill of the model to reproduce the seasonal variability of the main clima-
tological characteristics of South America. The results showed that the model was
able to reproduce reasonably well the spatial and temporal patterns of the precipi-
tation and temperature as well as the main features of large-scale circulation.
However, the authors also remark that the model still has systematic errors that
may be due to the model physics and the lateral boundary conditions.

Furthermore, the dynamics of HadRM3P is based on HadAM3P global model
that represents the atmospheric component of the HadCM3 coupled model [74]
[75]. For further Had AM3P details please see Jones et al. [76].

The HadRM3P shows 19 vertical atmospheric levels and includes MOSES I
(Met Office Surface Exchange Scheme version 1.0—Cox et al [77] with 4 soil lev-
els). In MOSES I, the model parameters which describe soil and land cover (typi-
cally vegetation) properties are calculated as geographically varying functions of
the soil and land cover types specified in the datasets created by Wilson and Hen-
derson-Sellers [78] (referred to as the WHS). A summary of formulations model
physics in PRECIS is given in Jones et al [65] and Alves and Marengo [69]. The
model was run was over the domain of 20°S to 20°N and 100°W to 10°W with a
50 km horizontal resolution.

As part of the “Quantifying Uncertainties in Model Projections” QUMP, ex-
periment [79], various scenarios or members of the HadCM3 global model were
obtained to be used as boundary conditions for the RCM simulations. Chou et
al. [80] and Marengo et al [81] describe the runs performed for the QUMP ex-
periment. For this study we used the HadCM3QO0 member.

To analyze the influence of land cover change on the Amazon basin, different
sensitivity experiments are performed.Each experiment spans 51 years integra-
tion (1960 to 2010), one simulation representing present-day land cover set to
datasets created by Wilson and Henderson-Sellers (“WHS”) [78] (referred to as
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the control run—CTRL) and two perturbed simulations that use scenarios of de-
forestation for Amazon produced by Aguiar et al [61]. The three simulations used
the land cover dataset WHS, which specifies 53 classes of vegetation and other
land cover.

The deforestation extent was based on the very pessimistic scenario—named
scenario C—based on the premise of a regression in the environmental and so-
cial advances of the last decade, suggesting that deforestation rates could return
to higher levels and ignore the forest Code, allied to a chaotic urbanization pro-
cess and social problems. For more information about the scenario process and
the Land Use and Cover Change (LUCC) modeling framework can be found in
Aguiar et al [61].

In this study, we use two fragmentation tropical rainforest deforestation scena-
rios for 2030 (referred to as the CEN2030) and 2050 (referred to as the CEN2050).
Figure 1 shows the spatial distribution of the deforested areas for 2030 and 2050
used in our deforestation experiments. In these scenarios, deforestation is defi-
ned as the replacement of the natural vegetation (WHS) by pasturelands. In this
study, the first year is considered as spin-up time and excluded from our analy-
ses and vegetation cover is fixed through the duration of the experiments. The
only difference between the simulations is the imposed land cover distribution.

The impact of the land cover is then presented on the basis of precipitation,
temperature, evaporation, Bowen ratio, vertical integrated moisture flux changes,
defined by the difference between deforestation experiments and control. Besides
annual means, seasonal means have also been computed to highlight contrasted
behaviours between the dry season, which has been defined from June to August
(JJA), and the wet season, from December to February (DJF). For a more spatial
detail, the domain has been split into two sub-regions: northeastern Amazon
(NEAMZ, 55°W - 45°W, 5°S - 2.5°N) and southern Amazon (SAMZ, 70°W -
50°W, 12.5°S - 5°S). These regions were chosen because they appear to be parti-
cularly sensitive to combination of large-scale historical deforestation, their geo-
graphical position in a climatological and ecological transition zone (between
Cerrado and semi-arid region) and with a well-defined wet and dry season.

To compute the onset, demise and duration of the rainy season over the sub-
regions we used the methodology originally proposed by Liebmann and Ma-
rengo [82] and modified by Bombardi and Carvalho [83]. The method depends
only on daily precipitation (Equation (1)), where Sis the accumulated precipita-
tion anomaly, Pis the precipitation in pentads, and P, is the annual climatologi-
cal mean.

s=Y(P(t)-F). (1)

t=to

The accumulated precipitation anomalies are computed starting from the dry
season (date of the minimum in the precipitation annual cycle, £) for each grid
point. The § curve will initially have negative values. Once the rainy season is es-
tablished, the § curve undergoes an inflection and starts to increase. After smoo-
thing the § curve using a 1-2-1 filter, the onset of the rainy season is defined as the
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Figure 1. Spatial distribution of the deforested areas used in the perturbed simulations for: (a)
2030 (~28% deforested area) and (b) 2050 (~38% deforested area) according to Aguiar et al
(2015). The red rectangles indicate deforested areas replaced to pasture in the RCM.
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date when the first derivative of the smoothed $ changes from negative to posi-
tive. Likewise, the calculation of the demise of the rainy season starts on the date
of the maximum precipitation annual cycle with § starting with positive values.
It is important to notice that the application of this method is appropriate since
it does not impose any precipitation threshold. Additionally, analyses to assess
rainfall extremes were performed using the Standardized Precipitation Index
(SPI) developed by Mckee et al [84] across the Amazon sub-regions. Using pre-
cipitation data only the main feature of SPI is that it builds upon the relation-
ships of both wet and dry conditions to frequency, duration and multiple-time
scales and allows for several applications. SPI is applicable in all climate regimes,
and SPI values for very different climates can be compared. Based on the adjust-
ment of historical precipitation records to the gamma distribution, the SPI quan-
tify the precipitation deficits/excess on temporal and regional basis. The complete
description of the computational procedure of SPI can be found in McKee et al.
[84], WMO [85] among others. The dry/wet categories resulting from the SPI
values as defined in this study are presented in Table 1.

The statistical significance of the differences between the monthly mean pre-
cipitation of the control (CRTL) and deforestation simulations (CEN2030 and
CEN2050) is checked using the Student’s test [86]. The #test is extensively used
for analysis in environmental sciences and it is fairly robust, readily available, and
easy to use and interpret.

The ttest takes into account, the difference between the means of each sample,
the variance ($) and the number of degrees of freedom (22 — 1), which depends on

the sample size (7). The test statistic is calculated as:

>z1_%2

S2 S?
G122
nl nZ

where >?l(>?2) are the sample means, n (n,) are the sample sizes and

t=

S? (SZZ) are the sample variances.
The #test at the 95% confidence level was used to consider statistically signif-
icant. From this level of confidence and 1 — 1 number of degrees of freedom we

obtain a reference value ¢, (http://statpages.org/pdfs.html). The hypothesis that

two groups are statistically different is checked if tis greater than ¢.

3. Results and Discussion

Changes in seasonal mean precipitation due to the Amazon deforestation
(CEN2030 and CEN2050) relative to the control simulation (CTRL) are shown

in Figure 2. The land cover change predominantly has a local strong effect on

Table 1. Categories according to SPI values.

SPI values Category
[+, -] 2.11t03.0: Extreme [wet, dry]
[+, -] 1.5 to 2.0: Severe [wet, dry]
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DJF

precipitation in the core of the deforested region for both the wet and dry seasons
as well as the annual mean. Deforestation locally leads to an increase in precipi-
tation (up 4 mm/day) mainly in summer (DJF). There is also a compensating
decrease in rainfall on the north flank of the deforestation areas (Figure 2).

It is noticed that land cover change immediately induced a sudden decrease of
evaporation (-0.7 mm/day for CEN2050) withwarming of surface air tempera-
ture (about +1°C) (Table 2) across the two subregions, but more pronounced in
winter (JJA) and over NEAMZ. The range of temperature change is comparable
to that projected by dynamic downscaling forced by Coupled Model Intercom-
paration Project Phase 3 (CMIP3) models and from different global CMIP5 mo-
dels used in the IPCC AR5 for various Representative Concentration Pathways
(RCPs) (4.5 and 8.5) that can reach up to 1°C - 2°C for mid-twenty-first century.

In addition, these results follow the same trend of temperature increase due to
deforestation of the various simulations of the climatic effects due to land cover
change carried out by different authors [23] [38] [40] [46] [87] [88].

The surface temperature much high in the deforested area is expected since
we have a decreasing of the evaporation and the lower surface roughness length.
This is because deforestation implies less exchange water flux between the sur-
face and the atmosphere, but also stronger wind near the land. Average evapora-
tion decreased from 0.89 mm/day during the dry season to 0.57 mm/day during
the wet warm season DJF for CEN2050 over NEAMZ relative to the control ex-
periment.

This leads to drier soil and, and this can greatly affects the energy balance at
the surface, and consequently the spatial distribution of the sensible and latent

heat flux represented here by the Bowen ratio. During the wet season the Bowen
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Figure 2. Precipitation (shaded, units: mm/day) overlaid with vertically integrated moisture flux (vectors, units: g/kg*m/s*hPa)

for summer (DJF), winter (JJA) and Annual based on difference between deforestation and control runs. Magnitude above 20

g/kg*m/s*hPa vector is displayed.
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Table 2. Climate differences between deforestation simulations (CEN2030, CEN2050) and
control (CTRL) simulation for summer/winter/annual over Southern (SAMZ) and North-
eastern (NEAMZ) Amazon.

Difference
SAMZ CEN2030 CEN2050
Temperature ("C) 0.5/0.7/0.6 0.7/1.1/1.0
Evaporation (mm/day) —0.38/-0.49/-0.46 -0.62/-0.75/-0.71
Precipitation (mm/day) 1.491/0.126/0.742 1.888/0.192/0.957
Bowen ratio 0.13/1.97/0.26 0.20/2.71/0.37
NEAMZ
Temperature ("C) 0.8/1.0/0.8 1.1/1.4/1.1
Evaporation (mm/day) —-0.42/-0.70/-0.51 -0.57/-0.89/-0.68
Precipitation (mm/day) 0.513/-0.084/0.297 0.335/-0.309/0.145
Bowen ratio 0.29/1.12/0.48 0.42/1.44/0.65

ratio is always lower than the values observed during dry season (Table 2) and
reveal that the during this season the latent flux is greater than the sensible heat
flux and we usually have an decrease of evaporation. This aspect is coincident
with change in precipitation, cloudiness and net radiation during the seasons. In
general, the results show that the land cover change is able to change energy
fluxes and consequently causing changes in climate variables, such as pressure,
circulation and temperature.

Overall, these changes tend to cool the surface. However, the effect of reduction
of the evaporation is much greater than the effect of increasing the albedo, and
therefore, the temperature increases with the removal of vegetation [38] [89]. In
both deforestation simulations, the impacts of the land cover change are more
intense over “Arc of deforestation” and central-southern Amazon during the
whole year, however, it is worth emphasizing that the relative impact of the simu-
lated changes is greatest in the dry season JJA when the wintertime large-scale cir-
culation interaction are less influential. This is in agreement with Baidya et al
[90] and Saad et al [91].

In sum, an increase in temperature, decreasing evaporation and surface water
deficit due to deforestation would act as positive feedback, and increase the sus-
ceptibility of Amazonia ecosystems to increase the incidence of fires and the con-
sequent injection of aerosols into the atmosphere. In fact, several studies con-
ducted during the LBA in the 90s and more recently with Go Amazon experi-
ments, show that aerosols could potentially affect the onset and the quality of the
rainy season [53] [92] [93].

Increased rainfall over large deforested areas and decrease in overlying areas is
an indication that the changes in latent and sensitive heat fluxes and tempera-
ture, previously shown are not the only factors that influence the spatial distri-
bution of rainfall. Indeed, in these conditions it is expected less precipitation and

a drier post-deforestation climate.
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In this context, the results suggest that the juxtaposition of deforested and fo-
rested areas, which differ greatly in their physical properties, can promote con-
ditions to increased precipitation via a “vegetation breeze”. The rainfall that we
have seen over deforested lands usually comes from the evapotranspiration of
water vapour above forest surrounding whereas the air tends to be cooled and
increasing local pressure. Due to physical differences between contrasting types
of vegetation cover the pressure gradient induce regional atmospheric circula-
tions and transport moisture from surrounding forests into the deforested areas
generating an increased cloudiness that may produce rainfall (Figure 2). This
result is consistent with previous studies of tropical deforestation [38] [47] [50]
[94] [95] [96] among others. For instance, Correia et al. [38] showed that these
processes lead to an increase in the moisture convergence overcoming the effect
of reduction of the evaporation and thus increasing the precipitation. The verti-
cally integrated moisture flux change (Figure 2) give a coherent picture of the
process described above, and from them we can see that forest clearings promote
local atmospheric circulations that increase rainfall.

In sum, the results show the precipitation increase on the deforested areas is
associated with the modification of the thermodynamic characteristics (evapora-
tion, Bowen ratio, temperature), due to land cover change together with meso-
scale circulation changes. It should be noted that most of studies that have been
analysed the effects of large scale deforestation in climate model agree that defo-
restation strongly decreases rainfall in some parts of the Amazon basin.

Furthermore, the difference between this modelled results and observational
results such as Butt ef al [97] that show delay in rainy season onset could be due
to changes in mesoscale circulations (driven by land cover transitions), the total
deforested area and mainly because the use of ~50 km horizontal resolution that
may limit the ability to resolve the structures of rainfall and cloudiness. The land
surface model may also limit the results and comparison between modelling and
observation results.

An exploratory analysis that allows a comparison between deforestation and
control simulations with respect to its symmetry and dispersion is presented in
Figure 3. The box plot is useful for analyzing the monthly variability of simu-
lated rainfall in the study areas.

In both deforestation scenarios, 75% of the months of the year have median
increased rainfall with statistical significance at 95% (Figure 3). However, the
main differences between deforestation and control simulations occur in the ex-
tremes of the variability (the length of the whiskers), which is most evident in
NEAMZ.

In the SAMZ area, the deforestation simulations show higher median values-
than the control simulations, particularly between the months of November to
May (months of the rainy season), highlighting an augmented accumulated
rainfall over this period. In the driest months during the wintertime JJA season
there is not much difference in the median values. During the months of transi-

tion between the dry and rainy season for August to October the differences of
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Figure 3. Boxplot of monthly mean precipitation (mm/day) of the control (grey) and de-
forestation simulations (CEN2030—light blue e CEN2050—Dbeige) at southern-SAMZ (a)
and northeast-NEAMZ (b) Amazonia. Asterisks indicate statistically significant differ-
ences between control and deforestation simulations (p < 0.05, Student’s #test).

the median are small and not statistically significant. This indicates that the posi-
tion of the median in any the three experiments, is statistically similar, although a
small variability in the extremes can be observed.

The main difference in the NEAMZ is observed during the transition between
the June-August dry season and the October to December rainy season, which
presents a significant (to the level of 95%) change in the central position (median)
of its frequency distribution, with differences of 85 mm (October), 334 mm (No-

vember) and 432 mm (December) relative to control simulation. This suggests a
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possible change in the amplitude of the annual cycle in deforestation simula-
tions. Moreover, the amplitude in the range of the whisker over this area is more
evident in the deforestation simulations, suggesting a higher temporal variability
of extreme events in every month of the year.

Furthermore, we analyzed the impact of vegetation change during the dry and
rainy seasons for the control and deforestation simulations in both study areas
(Table 3 and Table 4). We assess the onset of rainy season following Bombardi
and Carvalho [83] for the different scenarios.

The rainy season over the SAMZ (Table 3) shows an average onset in early
October (pentad 56), duration of 40 pentads and accumulated rainfall of 1670.4
mm. Differences relative to the deforestation scenario (CEN2050) in this region

are two-pentad late onset (pentad 58), reduction of one pentad in duration, and

Table 3. Climatological onset/demise dates (pentad), duration and accumulated rainfall
of rainy and dry season in Southern Amazonia (SAMZ).

Rainy season CTRL

CEN2030

CEN2050

Onset 56 (3-7/0ct.) 58 (13-17/Oct.) 58 (13-17/Oct.)
Demise 22 (16-20/Apr.) 22 (16-20/Apr.) 23 (21-25/Apr.)
Duration (pentad) 40 38 39
Accumulated rainfall (mm) 1670.4 1873.9 1927.9
Dry season
Onset 23 (21-25/Apr.) 23 (21-25/Apr.) 24 (26-30/Apr.)
Demise 55 (28/Sep.-2/Oct.) 57 (8-12/Oct.) 57 (8-12/Oct.)
Duration (pentad) 33 35 34
Accumulated rainfall (mm) 326.4 397.6 412.9

Table 4. Climatological onset/demise dates (pentad), duration and accumulated rainfall
of rainy and dry season in Northeast Amazonia (NEAMZ).

Rainy season

CTRL

CEN2030

CEN2050

Onset
Demise

Duration (pentad)

Accumulated rainfall
(mm)

Dry season

67 (27/Nov.-1/Dec.)
36 (26-29/Jun.)
43

1335.1

67 (27/Nov.-1/Dec.)
35 (20-24/Jun.)
42

1544.6

67 (27/Nov.-1/Dec.)
35 (20-24/Jun.)
42

1428.6

Onset
Demise

Duration (pentad)

Accumulated rainfall
(mm)

37 (30/Jun.-4/Jul.)
66 (22-26/Nov.)

30

245.3

36 (25-29/Jun.)
66 (22-26/Nov.)

31

271.0

36 (25-29/Jun.)
66 (22-26/Nov.)

31

252.7
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rainfall increase of 257 mm, which indicates that a scenario of increasing defore-
station could lead to abundant precipitation during the rainy season in that area.
Besides, it also indicates a lengthening in the dry season of up to two pentads and
rainfall increase of up to 87 mm.

Over the NEAMZ, despite deforestation simulations indicate increased rain-
fall (as seen in Figure 2 and confirmed in Table 4), there is no change in the
onset of the rainy season. In SAMZ, it is observed a decrease in the duration of
the rainy season by one pentad with a premature onset of the dry season and in-
creased accumulated rainfall. These results are consistent with earlier simulation
studies of deforestation. For instance, Chen and Avissar [98] found that those
mesoscale circulations could affect the length, duration and formation of clouds,
therefore changing the intensity and distribution of the precipitation. Moreover,
Costa and Pires [39] suggest that the total removal of the Cerrado, combined
with the deforestation scenarios produced by Soares-Filho et al [99] for 2030
and 2050, can induce a longer dry season in the transition region between forest
and savannah. This change, suggested by numerical modeling, was actually ob-
served by Butt ef al [97] in the historical series of rainfall in the state of Rondo-
nia, and also by Fu ef al [100] in southern Amazon, starting from 1979, mainly
due to a delayed end of the dry season.

One possible explanation for these changes could be that the drying of the
earth’s surface, represented by the Bowen ratio during the dry season, seems to
be the main cause for changes in the regional circulation leading to a delayed
onset of the next rainy season. Similar mechanisms were identified by Fu and Li
[101]. This is due to increased evapotranspiration by the end of the dry season,
associated with the seasonal increase in leaf area index (or greening of the rainfor-
est), which are critical to the onset of the transition from dry to wet season.

The assessment of the rainfall extreme in those deforestation scenarios is shown
in (Table 5 and Table 6). Although deforestation simulations initially indicate
higher values of mean precipitation, especially during the rainy season, the SPI
shows fewer rainy events and more frequent dry events in categories “extreme”
and “very extreme”, particularly in the scales of 3, 6 and 12 months. This indicates
that any change in land cover has also an impact on the frequency of extreme
rainfall events. This finding suggests that deforestation can affect the hydrological
cycle on its seasonal and interannual time scales and the extremes in the region
have direct effects on ecosystem characteristics and profound socioeconomic ef-
fects as seen in the droughts of 2005 and 2010. Characteristics of droughts or
floods can be explained by increased seasonal and interannual variability due to
changes in the regional circulation and convective activity in areas under the in-
fluence of deforestation.

These results are consistent with AGCM simulations where 20% to 70% of the
models agree with the projected declined rainfall in the dry season over the Ama-

zon, with the highest probability of drought in the eastern region [24].

4. Conclusions

This study has examined regional-scale patterns of rainfall variability in the
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Table 5. Frequency (%) of the Standardized Precipitation Index (SPI) for extreme rainfall
events at Southern Amazonia (SAMZ).

Dry Wet
Severe Extreme Severe Extreme
CTRL SPI1 4 2 4 1
SPI3 4 1 4 1
SPI6 4 2 4 1
SPI12 3 2 4 2
CEN2030 SPI1 3 3 4 1
SPI3 5 1 6 0
SPI6 4 3 4 1
SPI12 3 4 2 1
CEN2050 SPI1 3 3 3 1
SPI3 3 2 3 1
SPI6 2 3 2 0
SPI12 3 3 2 0

Table 6. Frequency (%) of the Standardized Precipitation Index (SPI) for extreme rainfall
events at Northeast Amazonia (NEAMZ).

Dry Wet
Severe Extreme Severe Extreme

CTRL SPI1 3 3 3 1
SPI3 4 3 3 1

SPI6 5 3 2 0

SPI12 4 4 2 0

CEN2030 SPI1 4 3 4 0
SPI3 6 3 3 1

SPI6 4 3 2 0

SPI12 3 5 2 0

CEN2050 SPI1 4 3 4 1
SPI3 5 3 3 1

SPI6 4 3 3 0

SPI12 3 5 1 0

Amazon region as related to deforestation scenarios. The PRECIS regional climate
model system is used in performing sensitivity experiments of the climate of the
Amazon basin. Specific objectives of this study were to assess potential impacts of
land use change on the climate of Amazon basin particularly on changes on the
seasonal rainfall variability and components of rainy season (timing, duration and

rainfall frequency and intensity).
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The sensitivity experiments are performed for the month’s austral summer
DJF and winter June-August. The experiment consists of three runs using the
PRECIS: a control run to simulate the pre-deforestation state and two perturbed
runs to simulate the post-deforestation state based on scenarios of deforestation
for Amazon produced by Aguiar et al. [61] for 2030 and 2050.

The main results are summarized as follows: deforestation leads to a warmer
climate that together with less evaporation affects the energy balance at the sur-
face and consequently leads to changes in pressure and regional circulation. It is
noticed also that, land cover change predominantly has a local and only strong
effect on precipitation in the core of the deforested region for both the wet and
dry seasons as well as the annual mean. Deforestation locally leads to an increase
in precipitation mainly in summer.

In both deforestation simulations, the impacts of the land cover change are
highlighted over the “Arc of deforestation” and central-southen Amazon regions
during whole year, however, it is worth emphasizing that the relative impact of the
simulated changes is the greatest in the JJA dry season. This behaviour increases
the susceptibility of Amazonia forest to the incidence of fires and the consequent
injection of aerosols release by the smoke.

It is also noted that the main differences between deforestation and control si-
mulations occur in the frequency of extremes of the variability in both study areas
and the amplitude in the annual cycle is more evident in the NEAMZ and during
the transition between the dry and rainy season. Over the SAMZ, the results indi-
cate a lengthening in the dry season of up to two pentads and rainfall reduction of
up to 26 mm.

Although deforestation simulations initially indicate higher values of mean pre-
cipitation, especially during the rainy season, the SPI shows that the occurrence of
extreme rainfall events is affected by deforestation mainly more frequent dry
events in categories “extreme” and “very extreme” which has several environ-
mental and economic impacts.

Presumably, this result from the fact that the deforestation plays an important
role influences the land-precipitation feedbacks such as water recycling, the en-
ergy balance at the surface and the regional atmospheric circulation patterns,
thus directly impacts the Amazonia climate.

From the literature review, and in a broader context, it is clear that deforesta-
tion affects the surface conditions, which usually means increased temperature
and drier (and more reflective) soil surface. As a result, less energy is available for
heating and moistening the atmosphere. In addition, lower evapotranspiration
resulting from drier soil reduces rainfall and also contributes to the drier condi-
tions.

It is also important to note that it is difficult to determine whether deforesta-
tion is the main cause of the increase in frequency of extreme dry events due to
incorrect or incomplete description of key processes and feedbacks in RCM phy-
sics.

In summary, the impacts of deforestation on the Amazon rainy season depend
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in part on the use of converted forests and this varies by region. However, it
should be pointed out that many other regional factors, such as soil type, distribu-
tion of land and water, and so on, are also important [51] [102] and considering
the complex framework of factors and their interrelationships that affect the
Amazon climate, it is essential that future studies should be considered with
Earth System Models and human component including infrastructure and social

policies.
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