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Abstract

Extreme rainfall events can be considered a natural manifestation of the environment in which
they are embedded and foreknowledge about their future behavior is very important, especially
for decision makers. In this context, we aimed to explore the future behavior of extreme rainfall
intensity through numerical simulations with the ETA model. The model was forced with a scena-
rio of high greenhouse gas emissions for the middle of the 21st Century as described for A1B emis-
sion scenario. We detailed the main changes in accumulated rainfall produced by heavy events,
very heavy events and rare events over a broad area of South America with a focus on the tropical
sector. The methodology applied here is capable of separating extreme events and establishing
the quantity of rainfall yielded by them. We have found that in the near future (2041-2050) rare
events will tend to increase over the Amazon basin, followed by reductions in heavy and very
heavy events. Conversely, heavy, very heavy and rare events are expected to decline over north-
east Brazil. Furthermore, increases were found for heavy, very heavy and rare events over south-
ern Brazil.
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1. Introduction

Extreme rainfall events can impose major impacts on the local environment, affecting the ecology, human life,
buildings, agriculture and economy. These impacts can be enhanced depending on local vulnerability and the
severity of the rainfall event. It is also recognized that one of the main consequences of an accelerated warming
climate, especially that component related to human activities, will be an increase in the intensity and frequency
of rainfall severity [1]-[7]. Such an increase is a response to the enhancement of the atmosphere’s moisture con-
tent [8]. Knowledge about future changes in the intensity and frequency of heavy rainfall is of great importance
to decision makers, who can use such information to minimize the environmental and social impacts through
public policy actions.

According to [9] developing countries are not adapting to climate change consequences yet. Lack of aware-
ness and understanding is one of the reasons that prevent these countries to make better decisions, and properly
deal with climate extremes due to natural variability or due to climate change. It is expected that the analysis
presented here can contribute to improving this reality.

Extreme events induced by climate change represent a serious threat to food production worldwide [10].
Missing long-term and trustworthy data series prejudice or limit the understanding of the rainfall regime’s beha-
vior and extreme distribution especially in Amazonia. The information, most of the times, is not considered
while choosing the crop to be planted which tends to facilitate try and errors policies that should be avoided
when it comes to irrigation systems implementations [11], for example, once it wastes scarce resources. A solu-
tion for missing data could be time series model forecast such as discussed in [12]. As shown in [13] a minimum
of 10 years of rainfall data can produce a good data series with R? up to 0.70 for humid regions.

The Amazon basin and neighboring areas have undergone continuous significant changes in their hydrologi-
cal regime in the last decade. For example, in 2005 the southwestern Amazon basin was subjected to one of the
most severe droughts of the last 100 years. According to [14] the drought condition resulted from an extended
dry season as a consequence of reduced rainfall and significant reduction in moisture transport from the north
Atlantic during the Austral summer season. Five years later, the Amazon region again faced intense drought
conditions. The extreme 2010 drought was due to circulation changes tied to an anomalous warming pattern in
the tropical North Atlantic, which forced the ITCZ to shift anomalously northward from its standard climatolog-
ical position [15]. The authors observed that the reduction in rainfall was more extensive during the dry than wet
season, and affirmed that the slight increase in the length of the dry season in the Amazon basin was strongly
related to SST warming in the North Atlantic Ocean. During 2009 the Amazon basin experienced heavy flood-
ing conditions that impacted the livelihoods of the floodplain population [16]. According to [16], the combina-
tion of a premature onset of the rainy season in the northern and northwestern Amazon that enhanced moisture
transport from the tropical North Atlantic, together with an unusually intense Chaco low and an anomalous
southward ITCZ position, was responsible for the flooding. In 2012 the Amazon basin again experienced un-
precedented flood conditions, which according to [17] were provoked by an early excessive wet season over the
north of the basin. [18] conducted a moisture flux analysis for the Amazon basin to explore its role in explaining
the flood of 2012. According to the authors the prolonged cold phase from the middle of 2011 till May 2012, a
slightly anomalous warm tropical North Atlantic followed by a cooler than normal South Atlantic and a mois-
ture flux convergence 38% higher than normal caused excessive rainfall in the Amazon basin and consequently
influenced the 2012 Amazon flood. [19] classified the most recently Southwestern Amazon flooding, occurred
in the first semester of 2014, as an extreme event and highlighted that even considering the actual climate pro-
jections, that suggest the increase in frequency to this type of extreme, it is not possible yet to confirm that it was
caused by the global warming. Furthermore, the construction of the Madeira River’s dam enhanced the impacts
of the meteorological event in Bolivia, Peru and in Brazil [20]. [21] assessed rainfall trends over the last 70 - 80
years in the Amazon basin from 18 sets of homogeneous station data. The results indicated no significant rain-
fall trend in the whole Amazon region, either seasonally or annually. Moreover, they found a decreasing trend in
the western Amazon where the forest is still preserved, which contradicted numerical modeling studies [22]. In
addition, an increasing rainfall trend was still observed in the eastern portion where the forest has been depleted.
Results based on modeling experiments have suggested possible changes in the Amazon’s precipitation pattern
[22]-[25] as a result of both changes in land use and atmospheric composition. The ETA model was forced with
boundary and initial conditions from HadCM3 in [26] and the study affirmed the increased intensity of either
drought or flood in a warmer climate over the Amazon, depending on the statistical indices applied. For example,
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based on the CDD index the Amazon basin will achieve a pattern where severe drought is more likely and, ac-
cording to the R95p index, the Amazon will experience more cases of intense flooding in the near future. Based
on climate model projections, [27] observed percentage declines in pluviometric precipitation over the Amazon
as the temperature increases, especially from the 2040s onward. [28] assert that in the near future extreme rain-
fall events will tend to be more hostile, with more frequent drought and flood regimes.

[29] presented an analysis of the actual status of area equipped for irrigation worldwide for the period of 1962
and 2011 using data from the FAO Data Base. Eight indexes were calculated and two other were derived from
the previous ones. Surprisingly it was found that 46% of the cultivated areas in the world are not adequate to
rainfed agriculture due to climate change or meteorological aspects. And northeast of Brazil has vast areas with
tops 500 mm-yr * of precipitation that can be reduced as a consequence of the global warming. It demands that
the government should improve the actual water management policies specially those ones related to agriculture.
The Southeast region of Brazil could take important advantages of these policies’ improvements since it has
been facing severe droughts as the one that is affecting the Cantareira System.

To deal with hostile environments for farming, irrigation techniques could represent an opportunity not only
to ensure food production but also to increase and diversify it. Also it can provide life quality for rural popula-
tion and diminish migration to big cities. The more populated the city is the greater are demands for potable wa-
ter and urbanization which increases the pressure to occupy areas that are not adequate for living [30] (e.g.
floodplains in Amazon). Projection of the indexes calculated in [29] was presented for Americas in [31] and it
was found that in South America, which today has 12.6 % of area equipped for irrigation, it will present 18.4%
by 2060 considering that variation in the index would have the same slope it had during 1962-2011. This value
will be equal to North America that today presents 14.2% and remains in the top of the list for Americas.

As we noted, few details are known about the anticipated changes in the intensity and frequency of extreme
rainfall over the Amazon basin and neighboring areas, especially in the case of rare events. In this context, this
work aims to assess future changes in extreme rainfall in South America (SA) using the regional ETA model
driven by the UK Met Office (UKMO) Hadley Centre HadCM3 global model and GHG concentration scenarios
of current and potential future conditions.

2. Methodology
2.1. Model Descriptions

The numerical simulations used here were performed with the limited area ETA model in which the HadCM3
coupled model boundary conditions were nested. In the next sections a brief description of both models will be
provided. Further information can be found in [32].

2.1.1. The HadCM3 Global Model

The numerical experiments were performed with the ETA model forced from initial and boundary conditions
generated by the coupled global model HadCM3 [32] [33]. This version of the Hadley Centre coupled ocean
atmospheric model presents improvements from its previous version, with no need of flux adjustment to correct
the climate drift usually observed in the resulting data [34]. In addition it has a realistic present day mean cli-
mate. The HadCM3 model is a version of the UKMO forecast and climate models and has a spatial resolution of
2.5° x 3.75° and 19 vertical levels [34]. The main improvements in HadAM3 (the atmospheric module of
HadCM3) were the inclusion of the radiative effects of aerosols and trace gases and the effects of CO, on eva-
poration at the land surface [35].

As described in [32], the initial and boundary conditions provided by HadCM3 came from a perturbed physi-
cal ensemble (PPE), which was done by running the model several times and testing its different parameteriza-
tion schemes to study the uncertainties associated with the process represented in the model or its physical pa-
rameterization. However, the design of these experiments included quantification concerning the projection of
climate change too. Summarizing the process, specific variables were carefully observed during the experiments
and their range was identified. This information was then used to pick 16 model variants that actually represent-
ted the uncertainties concerning the model’s parameterization. These correspond to the PPE mentioned above.
Following this step, these 16 configuration variants were forced with the SRES A1B emission scenario concen-
trations through the 21st century (see [36]). Authors [32] highlighted that even with the CO, concentration fixed
at 330 ppm the fact that the experiments were run using different configuration was enough to produce different
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results in the climate change projections. At the end, three members were selected that displayed high, medium
and low sensitivity in terms of global mean temperature response. Among these three members, the unperturbed
member was used to provide the control experimental data, which is the 1961-1990 experiment. The high sensi-
tivity member provided the boundary conditions for driving the ETA regional model for either present-day or
future climate [32].

2.1.2. The ETA Regional Model
The ETA regional climate model (RCM) is a grid-point model based on the eta vertical coordinate scheme [37]

obtained through the following formula:
p—p; Pret (Zsfc)_ Pr
n= 1)
Psc = Pr )| Prr (0)— Py

Equation (1): Formula used to obtain the eta vertical coordinate.

According to the author [37],

n refers to the ETA coordinate to be obtained from the parameters bellow;

p; refers to the pressure over the top domain (lower value isobar);

pq and z, correspond to the pressure and elevation, respectively, of the lower limit of the model, i.e., the
surface;

P, denotes the status of the pressure reference, which is a function of the distance above sea level (standard
atmosphere considered).

The first term in the equation corresponds to the standard sigma coordinate, while the second is a function of
X, Yy and is responsible for converting the sigma coordinate into an eta coordinate.

Using the downscaling technique [32] improved the coarse resolution of a climate projection data provided by
the HadCM3, since the method enables mesoscale processes to be solved and allowed other surface properties
such as topography or land use to be included in the simulations, which improved the results’ quality. For this
study a dynamical downscaling was applied, nesting a RCM into the GCM’s conditions.

Modifications were made to the ETA model to adapt it for climate change runs by using Sea Surface Temper-
ature SST data derived from monthly means from HadCM3. The model updates daily SST through linear inter-
polation. The major modification is the 360-day calendar year, which is necessary in order to use lateral boun-
dary conditions from HadCM3 [32].

The experiments analyzed here used the cumulus parameterization scheme from the Betts-Miller-Janjié
scheme (see details in [38]) and the Zhao cloud microphysics scheme reported by [39]. The land surface scheme
was provided by [40] and [41]. The vegetation data were provided by the PROVEG project [42]. The Geophys-
ical Fluid Dynamic Laboratory has a radiation scheme package that includes the shortwave radiation scheme
from [43] and the long-wave radiation scheme from [44] both used in the numeric experiments.

2.2. Experimental Design and Scenarios

Numerical Integrations

Experiments for three different time slices were performed, 1960-1990, 2010-2040, 2070-2100, for low and high
sensitivity and for an unperturbed scenario. Unperturbed conditions represents the current scenario (present day
climate) of greenhouse gas (GHG) emissions obtained from the atmospheric model HadCM3 was considered
and the CO, concentration was set to a constant value of 330 ppm [32]. In the experiments on future climate the
emission scenario SRES A1B obtained from the atmospheric model HadCM3 was considered. The ETA region-
al model nested in these lateral boundary conditions was run over 2010-2040 and 2070-2100 to simulate possi-
ble future changes. The ETA model was set up for a 40 km horizontal resolution and 38 vertical layers. In this
paper, we only considered one present day climate (1981-1990) decade and a future climate (2041-2050) decade.
All the details exposed here and further about the experiments which generated these dataset can be obtained in
[32].

2.3. Method of Identifying and Classifying Extreme Events
Following the data generation phase performed by the ETA model, the RX5day method documented and used
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by [45]-[47] and an adapted form proposed by [48] was applied to identify and classify the extreme rainfall
events.

The data series available were analyzed in subsets of 5 days, and in each subset the highest value of daily rain
was targeted. Once it was found, the first day of this subset was removed, the next value following the subset
was added, and this new 5-day subset was analyzed. This process was continued until the final 5-day subset was
reached. Considering that each decade has a set with 900 days, exactly 896 5-day subsets can be analyzed, so
exactly this number of precipitation maxima was found. From this resulting subset an average was calculated,
and it was considered a parameter to isolate from the original data series those values that are equal to or higher
than the maximum average for each grid point. Thus, the events that comprise all the precipitation extremes are
those that attend the former condition.

The second step was to classify the intensity of an extreme rainfall event. It was done by using the maximum
average, also called the maximum climatology, which was calculated previously as well as its standard devia-
tion.

Heavy events will be those that fulfill two conditions: they should be equal to or greater than the maximum
climatology, and less than the maximum climatology plus its standard deviation. Thereafter, very heavy events
will be those attending two other conditions; namely, they should be equal to or greater than the maximum cli-
matology plus its standard deviation, and less than the maximum climatology plus twice its standard deviation.
Finally, rare events will be those equal to or greater than the maximum climatology plus twice its standard devi-
ation.

The choice of the extreme rainfall category followed [49]. However, here the extreme events’ threshold was
based on the regional climatology of rainfall, avoiding the use of a unique rainfall value.

3. Results

As can be seen in Figure 1, four different areas in Brazil will be carefully analyzed, Northeast, Amazon, Ama-
zonas State and Southern regions. An integrated analysis of each of them is presented in this section.

e

Legend
ISouth America

[CJBrazil
B Brazilian Amazon
Amazonas State
360 720 1.440 [IBrazilian Northeast Region
Km Brazilian South Region

Figure 1. South America boundaries. Although ETA projections were performed for the entire continent, here it is analyzed
Northeast, Amazon and South Brazilian regions and Amazonas State.
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A good performance of model simulations relative to the observed data is a key factor in assessing the ro-
bustness of the results’ confidence. Although the performance of ETA has already been presented in [32], Fig-
ure 2(a) and Figure 2(b) present the climatology of the accumulated precipitation for JFM from CRU data (a)
and the ETA model (b). The BIAS is depicted in Figure 2(c). As can be seen from Figure 2(a) and Figure 2(b)
the simulation of the accumulated rainfall is in good agreement with the observed data, showing the good per-
formance of the ETA model. In addition, the model succeeded in replicating the maximum accumulated rainfall
over the Amazon region as well as the small quantities of rainfall over northeast Brazil. The main differences
occur over the central part of the Amazon basin, the extreme north of Para State and southeast of Brazil (Figure
2(c)). Similar results were found in [32]; however, small differences still persist due to different time periods
being used in both studies.

40°Q10"S 30°Q'0"S 20°Q0"S 10°Q0"S 0°Q'0"
40°Q0"S 30°Q0"S 20°G0"S 10°Q'0"S  0°Q'0"

a)
40°0'0"W

b)
40°0'0"W

80°00"W 60°00"W 80°00'W 60°0'0"W

40°0'0"S 30°Q0"S 20°Q0"S 10°G'0"S  0°Q'0"

1 1

80°0'0"W 60°0'0"W 40°0'0"W
EET T T T T T T T

S S S O & & ©® P S OSSOSO
S & SO R I S S SR SR

Figure 2. Climatology of accumulated precipitation values relative to the months of JFM from CRU data (a) and ETA model
(b); The BIAS between ETA model and CRU data is presented in panel (c). The period of the results are relative to 1981-

1990. Units are in mm/month.
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To assess anomalies in accumulated rainfall and their percent contributions associated with extreme events for
the period 2041-2050, individual types of extremes were quantified and examined. The accumulated rainfall
anomalies related to heavy events were negative over a broad region at low latitudes, as can be seen from Fig-
ure 3(a). This region covers the Amazon basin and the northeast region of Brazil, with the exception of the
western part of the Amazonas State. On the other hand, parts of southeast and southern Brazil and Argentina
were characterized by positive anomalies in accumulated rainfall. Since the results suggest that the accumulated
rainfall related to heavy events will decrease in the 2041-2050 decade over the Amazon basin and northeast
Brazil, it is expected that their percent contribution to the total accumulated rainfall will decrease too. However,
this is not the case in northern Brazil (Par4, Maranhdo and Tocantins States) where the percent contribution of
heavy events increases (Figure 3(b)). The percent contributions were calculated considering the total amount of
rainfall accumulated over the considered area and are related to both extreme and non-extreme events. Contrast
this with the anomalies presented in Figure 3(a), which were calculated taking into account the total rainfall as-
sociated with this specific kind of event and the number of events. If there is a change (increase or decrease) in
the total amount of rainfall attributed to extreme events, it is to be expected that the percent contribution of at
least one kind of extreme event will also change, although it does not necessarily require that a change will oc-
cur in the average extreme event since it can be compensated through a change in the number of extreme events.

When the type (or intensity) of an extreme rainfall event changes, a new spatial behavior of the accumulated
rainfall and its percent contribution to the total rainfall is noticed. According to Figure 4(a), the accumulated
rainfall anomalies for 2041-2050 are related to very heavy events, positive anomalies in accumulated rainfall in
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Figure 3. Accumulated rainfall anomalies for JFM related to the heavy events (a) and for percentage contribution to the total
rainfall (b). The results are relative to the period of 2041-2050.
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Figure 4. Same as Figure 3, however for very heavy events.
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the western part of Amazonas State, southern Para and over southeast and southern Brazil. Conversely, negative
anomalies are noted over most parts of northeast Brazil, northern Para and eastern Amazonas State. Moreover,
small areas of positive anomalies associated with very heavy events, when compared to heavy events, are
present in Argentina. Furthermore, excluding Para, Maranhdo and Tocantins States, the contribution of very
heavy events to the total rainfall increases as the number of accumulated rainfall anomalies increases (Figure
4(b)).

The most extreme intense rainfall was found to produce the largest numbers of rainfall anomalies over most
of SA (see Figure 5). According to this graphic, positive anomaly in accumulated rainfall produced by rare
events will occur over large parts of the Amazon basin, Para, Mato Grosso, and southern Brazil and Argentina in
the decade 2041-2050. In contrast, negative anomalies in accumulated rainfall are observed over northern Para
State and in northeast Brazil. In the case of rare events, their contribution to rainfall relative to the total rainfall
increases over the Amazon basin and the region of northeast Brazil. As can be seen, in the Amazon basin, for
example, the most intense rainfall extremes tends to increase, while the weakest events tending to produce less
rainfall. In addition, all types of extreme rainfall decrease over northeast Brazil.

To quantify the mean accumulated rainfall by grid point that occurs in specific areas and the associated per-
centage reduction/increase we present Figures 6-9. Figure 6(a) and Figure 6(b) show the mean accumulated
rainfall by grid point occurring just over Amazonas State in the distinct periods of 1981-1990 and 2041-2050, as
well as the percentages associated with changes. The total reduction in rainfall over Amazonas State, including
non-extreme and extreme rainfall events related to both periods, is seen in Figure 6(a). Moreover, as can be
seen from Figure 6(b), the accumulated rainfall related to the rarest kind of extreme rainfall is increased by 12%
over Amazonas State, while normal events, heavy events and very heavy events, respectively, experience de-
creases of 5%, 11% and 9%. These results reveal that under a scenario of reduced normal events, the accumu-
lated rainfall related to rare events is expected to increase in the middle of the century. The reason for the in-
crease of 12% in rare events is twofold, i.e., either rare events will be stronger or their relative frequency by grid
point will be augmented. In this particular case the average frequency for these events (see Figure 6(c) for ab-
solute values and Figure 6(d) for differences in percentages compared to 1981-1990 decade) presents increase
for normal events (1%, regarding the decrease in accumulated rainfall) and for rare events (4%). Both heavy and
very heavy events frequency agreed with the previous parameter (accumulated rainfall) and decreased 14% and
12 % respectively.

The mean accumulated rainfall by grid point for the Amazon basin in the periods 1981-1990 and 2041-2050 is
presented in Figure 7(a) and Figure 7(b) and values for average frequency in Figure 7(c) and Figure 7(d).
From a qualitative point of view, the results for the Amazon basin are similar to those for Amazonas State, i.e., it
is expected that under a condition of warming climate normal events, heavy events and very heavy events are
expected to diminish, while rare events increase (Figure 7(b)). Similar behavior is observed for frequency
(Figure 7(d)). The rate of reduction in accumulated rainfall (frequency) for normal events reaches 18% (1%),
while heavy events and very heavy events present reductions of 14% (9%) and 11% (10%), respectively. Rare
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Figure 5. Same as Figure 3, however for rare events.
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tage difference between frequency for 2041-2050 and 1981-1990. Purple, blue, red and green color bars denote, respectively,
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Figure 7. Same as Figure 6, however for Brazilian Amazon.

events increase over the Amazon basin by 6% for accumulated rainfall and 2% in frequency. These results sug-
gest that total rainfall over this domain is expected to decline, while the total rainfall related to the rarest events
is expected to increase.
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A decrease in the rainfall associated with normal events followed by decreases in heavy, very heavy and rare
events is anticipated over the northeast region of Brazil. As can be observed from Figure 8(a) and Figure 8(h),
the amount of rainfall related to normal events in 2041-2050 corresponds to just 60% of what it was in 1981-
1990 (Figure 8(a) and Figure 8(b)). A similar reduction of 36% is found in heavy events, 35% in very heavy
events and 9% in rare events. From Figure 8(c) and Figure 8(d) it can be observed that the average frequency
increases by 3% and 1% for light and rare events while decreasing for the other two kinds of events, by 19% for
heavy events and 23% for very heavy events. These results suggest that in the near future, considering the in-
crease in GEE emissions, there will be less rainfall over this region whether it is associated with normal or
heavy events. The increase in average frequency for normal events and rare events might be due to redistribution
between the total number of events, since they were not just diminished in numbers but the total amount of rain-
fall associated with each kind of extreme event is also reduced.

The last area considered is Southern Brazil, which comprises the Rio Grande do Sul, Santa Catarina and Pa-
rana States. As can be seen in Figure 9(a) and Figure 9(b), there is an increase of 29% in the total amount of
rainfall associated with light events. This increase can also be observed across heavy, very heavy and rare events,
increasing by 16%, 15% and 14%, respectively. This tendency is not noted in the average frequency shown in
Figure 9(c) and Figure 9(d). For normal events there is a slight increase of 0.3%, accompanied by reductions in
heavy events (1%), very heavy events (3%) and rare events (4%). Although an increase in the average frequency
is also expected, its reduction can be explained: there are increases over the mean rainfall per event for each
kind of event (light to rare event). In other words, the events are diminishing in frequency but are becoming
more intense; as a result, more rainfall is associated with each one, which explains the increase over the total
mean rainfall accumulated (Figure 9(b)).

4. Final Remarks

Based on a limited area model, we have presented regional changes in extreme rainfall events for the near future
2041-2050 over a broad area in South America. Here, extreme rainfall events are categorized as heavy events,
very heavy events and rare events. All these types of events can pose significant threats to human life, and each
categorization is based on geographical climatology with no predefined limits.

It was found that all kinds of extremes will undergo significant changes in the near future (2041-2050) with

1.800 0%
1.600 1.554 5%
E 1.400 109
£ 1.189 o 9%
g 1.200 15%
8 1.000 916 -20% -
° 762
% 800 -25% -
3 604
g 600 413 -30%
o 390 376
o 400
< -35% -
200
-40%
0 y 41%
1981-1990 2041-2050 a) -45% b)
=Normal Events m®HeavyEvents mVery Heavy Events = Rare Events mNormal Events ®Heavy Events = Very Heavy Events Rare Events
900 5% 3%
798 o
O I -
0%
5700 ’
>
w
‘s 600 5%
]
.E 500
3 -10%
400
<
g 300
] -15%
g 200
[ 87 70
100 -20%
26 116 20 118
0
1981-1990 2041-2050 -25% -23%
mNormal Events ®Heavy Events ®Very Heavy Events = Rare Events C) mNormal Events mHeavy Events mVery Heavy Events = Rare Events d)

Figure 8. Same as Figure 6, however for the northeast region of Brazil.
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Figure 9. Same as Figure 6, however for the southern of Brazil.

the exact nature of the change depending on the kind of extreme event. Changes in one type can be more dra-
matic than for another. For example, a spatial analysis revealed that accumulated rainfall provoked by heavy
events will be drastically reduced over a broad east-west oriented area over the tropical region. Such an area
covers the Amazon basin and northeastern Brazil. Conversely, more rainfall is expected in southern Brazil,
Uruguay, Paraguay and Argentina. Both very heavy and rare events are expected to increase in these regions.
Over the Amazon basin the accumulated rainfall related to heavy events gradually increases, while it decreases
in northern Brazil (spatial analysis).

Quantification of mean accumulated rainfall by grid point over four specific regions of Brazil revealed im-
portant characteristics of the extremes. For instance, the total accumulated rain over the Amazonas State domain
is reduced, including heavy and very heavy events. However, the accumulated rainfall related to rare events in-
creases by 12%. The results for the Amazon basin domain are similar to the Amazonas State; however, the im-
pact percentage differs. A decrease is expected in rainfall associated with normal events followed by decreases
in heavy, very heavy and rare events over northeast Brazil. The results show reductions of 36%, 35% and 9%,
respectively, for heavy, very heavy and rare events. The last area considered is southern Brazil, which comprises
the Rio Grande do Sul, Santa Catarina and Parana State; increases were found in heavy, very heavy and rare
events, by 16%, 15% and 14%, respectively. This tendency was not observed in the case of frequency. For ex-
ample, normal events increased slightly (0.3%) and heavy events were reduced by 1%, followed by reductions in
very heavy events (3%) and rare events (4%).

Although the results presented here are only based on one model and probably do not represent a unique pic-
ture of extreme rainfalls’ future behavior, they still suggest important changes in their contributions to the ac-
cumulated rainfall under a warm climate scenario. These results can motivate further investigation based on
other limited area climate models.
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