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Abstract

The mineral industry is of great importance for the economy and for the de-
velopment of Brazil. However, climate change further accentuates the impacts
caused by extreme weather and climate events on the logistics and operation
processes of the mineral production chain (from the mine to the port). In or-
der to reduce these effects, it is essential to have information about the future
climate that will help this economic sector to carry out better long-term plan-
ning of its activities. However, the current scientific literature still lacks stu-
dies with this approach applied to the mineral industry. Therefore, the pur-
pose of this study was to evaluate the future seasonal patterns of climate ex-
tremes in eastern Amazonia, exploring their impacts on the mineral produc-
tion chain in the near future (2019-2050). To categorize the dry and rainy
climate extremes, the Standard Precipitation Index (SPI) was calculated for
the precipitation data series of Climate Prediction Center (CPC) observations
and the PRECIS regional modeling system, considering the IPCC RCP4.5.
The 1981-2005 period was defined as the present climate and used to assess
the performance of the modeling system in reproducing the extremes. The
analyses were based on the relative frequency of the categories of dry and
rainy extremes. The performance evaluation of PRECIS showed that it had
better accuracy in representing seasonal extremes of drought than extremes
of rain. Along the mineral chain in eastern Amazonia, its accuracy was better
over the port region, except for the dry extremes experienced from June to
August (JJA), and from December to February (DJF) and March to May
(MAM) for rainy extremes. The analysis of the frequency of occurrence of
these events for the future indicates a greater probability of rain extremes
along the mineral chain compared to another category of extremes. In addi-
tion, JJA will be the most suitable period to optimize operational processes in
eastern Amazonia, as extremes are less likely to occur. On the other hand, the
greater probability of extreme rain events from September through to No-
vember (SON) and MAM make these two periods less suitable for activity in
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the mining regions and areas north of the railway. The results of this study
suggest an increasing risk to the processes of the mineral chain until 2050 as-
sociated with the occurrence of climate extremes, since it is susceptible to ad-
verse weather conditions.
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1. Introduction

In Brazil, the mining industry corresponds to an important share in the national
economy, contributing approximately 4% to Brazil’s gross domestic product
(GDP) [1]. Due to the extension of its production chain, the mining industry
builds up other economic sectors, contributes to the development of municipali-
ties in its area of influence, and is responsible for generating jobs and tax reve-
nue [2].

The mining industry chain is formed by logistical processes, beginning with
mineral extraction and transportation using the railway system and ultimately
reaching the port through which the production flows [3]. Most of these
processes occur in the outdoors and are often impacted, directly or indirectly, by
extreme weather events such as intense droughts and prolonged rainy periods,
which interfere with operational routines, cause losses in production, and cause
accidents with equipment and people. In studies in Canada regarding mineral
vulnerability to climate variations, [4] found that mine areas showed significant
climate risks.

Particularly in the eastern Amazon, between the southeastern area of Pard
State and the western and northern parts of Maranhdo State, mineral logistics
processes occur at the Mineral Province of Carajas to the Ponta da Madeira Ma-
ritime Terminal, where mainly iron ore is exported [5]. This region, in turn, has
a high spatial and temporal variability of rainfall [6] [7], where the greatest an-
nual rainfall volumes are observed in the southern summer and fall seasons [8]
[9].

Much of the rainfall variability in the eastern Amazon is modulated by
large-scale circulation patterns due to the ocean-atmosphere interaction asso-
ciated with surface temperatures of adjacent tropical oceans [10]. Possible ano-
malies in these temperatures cause significant changes in the circulation pat-
terns, contributing to the occurrence of climate extremes, which may be asso-
ciated with the ENSO (El Nifio-Southern Oscillation) phases over the equatorial
Pacific Ocean or with the southern interhemispheric temperature gradient of the
sea surface in the tropical Atlantic Ocean [11]-[18].

Climate extremes have significant impacts on human activities, whether they
occur in transportation, power generation, infrastructure, tourism, agriculture,

or the mineral industry, among others [19]. While extreme rainfall events are
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characterized by intense and/or prolonged rainfalls, the dry climate extremes are
marked by a series of consecutive days with no precipitation. Both cause differ-
ent impacts, which are invariably associated with material damage to society or,
in more severe cases, fatality victims.

In the Amazon, climate extremes have shown an increase in frequency in re-
cent years [18] [20], with recurrent droughts in 2005 [21], 2010 [22] [23] and
2015 [24] and anomalous rainy periods in 2009 and 2012 [25] [26]. Some of
these events caused historical minimums and maximums in Amazonian rivers
and impacted the regional economy, which relies on the rivers for many activi-
ties.

To investigate future climate patterns, regional climate modeling allows a
more detailed analysis of the regional characteristics, adjustments in physical
parameters, parameterizations as well as predicting weather variables based on
greenhouse gas (GHG) emission scenarios, aiming to assist the planning of deci-
sion makers in various sectors. By using dynamic downscaling, regional climate
models allow an increase in the spatial resolution of the region and make more
detailed descriptions possible for the topography, hydrography, soil cover, and
continent-ocean boundaries, among other relevant characteristics, so that pre-
dictions are more accurate.

Studies such as [27] performed downscaling using the HadRM3P regional
model contained in the Providing Regional Climates for Impact Studies
(PRECIS) regional modeling system nested in the HadAM3P global model to
analyze the distribution of temperature and rainfall extremes in South America
in the current climate (1961-1990) and in the future climate (2071-2100); two
scenarios (A2 and B2) of the AR4 (Fourth Assessment Report) of the Intergo-
vernmental Panel on Climate Change (IPCC) were considered in the future cli-
mate analysis. In general, the results of the analyses showed that PRECIS simu-
lated the distribution of extreme temperature and rainfall events well when
compared to observations. Regarding future projections for the Amazon, the
authors highlighted the increase in intensity of extreme rainfall events in most of
the western part of the region and significant changes in the frequency of dry
days in the eastern portion.

[28] performed dynamic downscaling with the REGCM4 regional model
nested in the MPI global model for the current climate (1990-2012) and the near
future climate (2015-2039) to study the characteristics of seasonal rainfall re-
gimes and provide future climate scenarios in railway areas in the eastern Ama-
zon and southeastern Brazil. Regarding future projections in the eastern Ama-
zon railway areas, the results indicate a weak drop in rainfall along the railway
during the rainy season (from January to May) and a sharp decrease in its
northern (Sao Luis/MA) and southern (Carajas/PA) sections in the dry season
(from June to October).

Given climate change scenarios and the problems related to the impact of ad-

verse weather conditions on important economic activity in Brazil, this work
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aimed to provide an analysis on the impacts of climate extreme events in the
mineral supply chain located in the eastern Amazon, using climate projections
for the near future (2019-2050) considering intermediate scenario emission of
greenhouse gases IPCC, RCP 4.5. Additionally, the performance of the regional
modeling system (PRECIS) is evaluated by predicting the frequency of climate
extremes during the current climate (1981 to 2005), as a contribution to regional

scientific modeling studies in the Amazon.

2. Data and Methodology
2.1. Study Area

The study area (Figure 1(a)) is located east of the Amazon, between the Brazili-
an states of Pard (PA), Tocantins (TO) and Maranhdo (MA). The North Corri-
dor of Vale is a mineral logistics complex that connects ore extraction mines in
southeastern Para to the Ponta da Madeira Maritime Terminal, in Sdo Luis/MA
through the Carajas Railroad (EFC for its Portuguese acronym), which passes
through 32 cities between these states.

The region is characterized by different elevations, reaching over 875 m
(Figure 1(b)). In its southern portion, where the highest elevations of the region
are observed, are the ore reserves of iron, manganese, copper, etc. The relief is
also steep in the central portion, but it has no ore reserves. The lowest elevations
are found in the northern portion of the EFC, in the municipality of Sdo Luis,
close to the average sea level.
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Figure 1. (a) Location of the study area in the eastern Amazon and (b) elevation map in meters (m) of the North Corridor of Vale.
The black solid lines outline the municipalities through which the Carajas Railroad (EFC, purple line) passes in the states of Para
(PA), Tocantins (TO) and Maranhdo (MA). Elevation data are from the SRTM (Shuttle Radar Topography Mission) DEM version 4
at ~90-m resolution, available at http://srtm.csi.cgiar.org/.
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Regarding the climate, this part of the Amazon is marked by spatial and tem-
poral rainfall variability (Figure 2) associated with different atmospheric mechan-
isms in action [6] [7] [10] [29] [30] [31] among others. Observations (Figure 2)
show that the rainy season begins along the North Corridor in the SON quarter
(September-October-November) in the southern portion, with means between 100
and 175 mm, in association with the formation of the South American Monsoon
System [32] [33]. The southern summer, December-January-February (DJF), is
marked by spatial rainfall variability, where high rainfall indices (above 275 mm)
are observed in the northwestern part of the region associated with the most
central positioning of the band of clouds of the Intertropical Convergence Zone
(ITCZ) [30] and in the southwestern portion of the region, over the mine areas;
these indices can be explained by the South Atlantic Convergence Zone (SACZ)
episodes, which are common during this quarter [34]. In MAM (March-April-May),
which is the peak of the rainy season of the region, the highest rainfall indices
(above 350 mm) are observed throughout the northern portion, associated with
the proximity of the ITCZ in combination with breeze circulation mechanisms
that form the dynamic conditions of large and meso scales responsible for the
formation of the Instability Lines [35], while the lowest rainfall volumes of the
period are observed in the south-southeastern portion of the region, which
may be due to the decrease in SACZ episodes and/or frontal systems [36]. Final-
ly, the JJA quarter (June-July-August) is characterized by a significant decrease in
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Figure 2. Spatial distribution of mean precipitation (25 years, 1981 to 2005) in the DJF
(December-January-February), MAM (March-April-May), JJA (June-July-August) and
SON (September-October-November) quarters with data from the CPC (Climate Predic-
tion Center). The black lines outline the municipalities along the Carajis Railroad (EFC)
in the states of Para, Maranhdo and Tocantins. The color scale indicates the intensity of
rainfall (mm).

DOI: 10.4236/acs.2021.111009

129 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2021.111009

C. P. W. da Costa et al.

rainfall over the study area, establishing the drought season.

2.2. Rainfall Data

For this study, observed rainfall data and data simulated by regional climate
modeling were used. The observation base is derived from daily rainfall data
(mm) from the Climate Prediction Center (CPC) for 1981 to 2005. This dataset
is based on rainfall records from surface weather stations distributed across the
globe and arranged in a regular grid with a horizontal resolution of 0.5° in terms
of latitude and longitude [37].

The simulated precipitation consisted of daily data obtained from numerical
integrations with the PRECIS climate modeling system, version 2.0 in a hori-
zontal resolution of 0.22° lat/lon (~25 km). Details of the configuration of the
experiments whose rainfall data were used in this work are described in the fol-
lowing subtopic.

For both datasets, observed and simulated, the monthly cumulative precipita-

tion data were calculated from the daily data.

2.3. Experimental Settings

PRECIS is a numerical modeling system developed by the Met Office Hadley
Centre and consists of a Regional Climate Model (RCM), HadRM3P, nested in a
Global Circulation Model (GCM), which provides large-scale atmospheric and
ocean conditions. The use of this technique, known as dynamic downscaling, al-
lows a more realistic representation of the regional climate. The HadRM3P is
coupled to the MOSES 2.2 (Met Office Surface Exchange) surface scheme, where
surface temperatures, short and long wave radiation flows, sensible heat flows,
soil heat flows, moisture content in the canopy, and snow melting rates are cal-
culated for each surface type in a grid box [38]. More details on the characteris-
tics of the regional model in PRECIS 2.0 can be seen in [39].

The global model HadGEM2-ES (Hadley Centre Global Environmental Model
Version 2—Earth System) was used as contour conditions for the RCM, which is
state-of-the-art for the Earth system, composed of a global circulation model of
the atmosphere combined with an ocean model, and it also includes dynamic
vegetation, biology of the ocean and atmosphere chemistry [40].

Integrations were performed with PRECIS for two climate periods: the first
period representing the Current Climate or Historical scenario, integrated from
December 1979 to November 2005, and the second period, representative of the
Future Climate, from December 2005 to November 2050, for which the IPCC
representative concentration pathway 4.5 (RCP 4.5) intermediate emission sce-
nario was considered. However, the first year of integrations, called spin-up, was
discarded. Spin-up is the time needed for the atmosphere and the Earth’s surface
to be adjusted to a state of mutual equilibrium [38]. Thus, for this work, the cur-
rent climate was considered as the climate from 1981 to 2005 and the Future
Climate was considered from 2019 to 2050.

The use of the IPCC RCP 4.5 scenario is justified because it is consistent with
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the Paris Agreement, a treaty in which countries that are part of the UNCC
(United Nations Climate Change), including Brazil, direct their efforts to reduce
greenhouse gas (GHG) emissions to limit an increase in the mean global tem-
perature to 2°C or less. The RCPs are different concentration paths of GHG that
may occur until the year 2100 and are incorporated into the numerical climate
models [41].

The domain selected for integrations with the climate model covers much of
South America and adjacent oceans (Figure 3), more precisely between 37.5°S
and 13.25°N latitude (nx: 259 points) and between 90.25°W and 29°W longitude
(ny: 236 points).

2.4. Methodological Procedures

SPI Index and Climate Extreme Events

The Standard Precipitation Index (SPI) was adopted to characterize extreme
climate events in the precipitation data series, at each grid point over the study
area. The use of SPI in this work was motivated by the simplicity of calculation
and by its effectiveness in identifying dry and rainy events at different time
scales, using only monthly precipitation data [42] [43] [44]. Therefore, it was in-
itially necessary to adjust the monthly precipitation data series (observed and
simulated) for a gamma distribution (Equation (1)), through a process of maxi-
mum likelihood estimation of the gamma distribution parameters, @ and f. In
simple terms, this process allows the distribution of precipitation in an area to be
effectively represented by a mathematical cumulative probability function given

by the expression:

Figure 3. Domain of the integrations using the PRECIS model, covering parts of South
America and adjacent oceans.
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Xafl . -x/
g(x)="—"F— for x>0 (1)
F°T(a)
where a >0 is the shape parameter; £ >0 is the scale parameter; X >0 is
the amount of precipitation in millimeters (mm); and T'(«) represents the
complete gamma function.

Estimates of ¢ and f are given by Equations (2) and (3):

a:L(H /1+4—AJ (2)
44 3

x
B== (3)
a
where X isthe mean precipitation.

PRI ILL. (4)

n

Given that 22 is the number of observations, there is a normal probability dis-
tribution from the cumulative distribution. The cumulative probability of oc-
currence of each value is estimated and applied to the inverse normal function to
find the SPI value, which represents the difference between the observed preci-
pitation and the mean precipitation over a given time interval, divided by the
standard deviation (Equation (5)).

P-P
SPI:ZI,:; (5)
O,

where P is the observed (simulated) precipitation and P and o, are the
mean precipitation and standard deviation of the adjusted series, respectively.

The SPI values were accounted, for each month, at each central grid point
along the North Corridor (Figure 4). Thus, three datasets based on the SPI were
obtained, where:

1) For the current climate: a dataset related to the CPC observations and
another one related to the data simulated with PRECIS. For both datasets, the
period considered was 1981 to 2005 and the horizontal resolution used was 0.5°
in latitude and longitude for a total of 43 grid points along the North Corridor
(Figure 4(a));

2) For the future climate: a dataset for future simulation with PRECIS for 2019
to 2050 and resolution of 0.22° in latitude and longitude for a total of 127 grid
points along the North Corridor (Figure 4(b)).

Once the SPI has been determined for each month and at each central grid
point of the North Corridor, the values were grouped by quarters: Decem-
ber-January-February (DJF), March-April-May (MAM), June-July-August (JJA)
and September-October-November (SON), to analyze the seasonal variability of
climate extremes.

In this study, the definition of extremes was based on the study by [42], where,
for each time in data series, the quantitative values of SPI that exceed the abso-
lute value of 1.5 are defined as climate extremes. Thus, the Rainy Extreme
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Figure 4. Grid points selected for the analysis of climate extremes along the mining chain
in the eastern Amazon (in yellow) covering municipalities (purple contour) in the Brazil-
ian states of Pard, Tocantins and Maranhéo. In (a), each grid point has a resolution of
0.5° in latitude/longitude for a total of 43 points, while in (b), the resolution is 0.22° in la-
titude/longitude and 127 points in total.

(ExtRain) was categorized when the SPI value exceeds +1.5, whereas the Extreme
Dry (ExtDry) is defined when the SPI is less than —1.5. Thus, the climate ex-
tremes are treated in terms of the standard deviation rather than the magnitude
of precipitation. In the work of [42], these thresholds were classified as severe
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events and was also adopted by [43] and [45] in extreme studies for the eastern
Amazon.

Finally, the relative frequencies ( £ ) of occurrences of Dry and Rainy Ex-
tremes were calculated throughout the SPI data series in each quarter, at each
central grid point along the North Corridor, which is given by Equation (6):

F, :(QJXIOO (6)

n

where F, is the absolute frequency (number of times a given class or category
os extremes appears in the data series, 25 years for the current climate (1981 to
2005) and 32 years for the future climate (2019 to 2050)) and 2 is the number of

sample elements.

2.5. Bias

A performance evaluation of the PRECIS model is also presented when simulat-
ing climate extremes from 1981 to 2005 in the study area, through the analysis of
the bias. The bias method is provided by the difference between the F, values
obtained from the outputs of the PRECIS model and the F, values obtained from
the observed data according to Equation (7). Consequently, it was necessary to
interpolate the original data of the model (0.22° x 0.22° latitude and longitude)
for the same horizontal resolution of the observed data (0.50° x 0.50° latitude
and longitude) using the bilinear interpolation of the free software CDO (Cli-
mate Data Operators). More information on CDO is provided at
https://code.mpimet.mpg.de/projects/cdo/.

Vy, = FeM = F,0 (7)

where FpM is the relative frequency of the SPI based on the model data and F,O
is the frequency obtained from the observed data (CPC).

3. Results and Discussion

The evaluation of the regional model PRECIS in reproducing the climate ex-
tremes along the mining chain region in the eastern Amazon region, hereinafter
called the mineral chain, is based on the comparison with the observational
network of the CPC from 1981 to 2005. The probabilities of occurrences of these
extremes in the future (up to 2050) are obtained from the simulations with
PRECIS, considering the IPCC RCP 4.5 intermediate emission scenario. The
analyses were performed by quarters of the year (DJF, MAM, JJA and SON), and
the results are presented in maps.

3.1. Skill Analysis of the Climate Regional Model

It is essential to evaluate the performance of the climate model, since systematic
errors of the regional climate model, as well as those inherited by the global
model that served as a boundary condition for the downscaling, in reproducing
the current climate, should be considered in the analysis of future projections for
the region. Figure 5 and Figure 6 show, respectively, the bias of relative

DOI: 10.4236/acs.2021.111009

134 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2021.111009
https://code.mpimet.mpg.de/projects/cdo/

C.P.W. da Costa et al.

25 I - 3
7 7
1 WS
3s / 7
/q; O R T S Y
4
4s - PAE RN RS
N[ |
58+ (SR ) //‘< Mol x| &
> % o e Q) [ Y
(33 I Pl el KR ] A A
of ot ] XX /] {
75
5IW 50W 49W 48W 47W  46W  45W  44W
(a)
2
S 7 N
o3
J ;fﬁ
35| j S
&
@ || eyl
45+ Aale o]
Q| % [ %
55 (S K) A s w o
Lo o (e | wedix
6s- |21 e oo Zah
P PEIR AP AN ’
75 —
51W 50w 49W 48W 47W  46W  45W 44w
2s v 7
4 h
35 i
/
/b( LS B P8 Y i
45 -| e |8 o
YRR
7
55 o/f o |8 ofo oo
SARSY SRS (S
65 - o tsTe s o Po ¢
o/ O 40 Q0 j/
_ -
75
51W 50 49W  48W  47W  46W  45W  44W
(c)
2s 7 7 -
A
: 1g”
35 f i
Q | O DURS
f
454 PAERE R YRS
N>
55 x \xm/}/‘* X o
AR RS Q| Y|
65 W R ™ P [ ¢
of wtol Xo | i
J _
75 -
51W 50 49W  48W 47W  46W  45W 44w

Figure 5. Relative frequency bias of Dry Extremes (ExtDry) in the quarters of (a) De-
cember to February (DJF); (b) March to April (MAM); (c) June to August (JJA) and (d)
September to November (SON). The numbers refer to the bias magnitude, where the pos-
itive numbers (in blue) indicate that the model overestimates the observed ones, while the
negative numbers (in red) indicate that the model underestimates them. The zero (in
green) denotes that the model was in accordance with what was observed. Unit: in per-
centage (%).
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frequencies of dry and rainy climate extremes in the current climate (1981 to
2005) along the mineral chain. In these figures, positive values (in blue) indicate
that PRECIS overestimated the frequency of extremes compared to what was
observed, while negative values indicate that the model underestimated (in red)
their occurrences. The grid points containing the number zero highlighted in
green indicate that the model showed good accuracy when simulating climate
extremes.

For the category of dry climate extremes (Figure 5), there is great spatial va-
riability of bias throughout the study area in the southern summer (DJF, Figure
5(a)), where, in most of its southern (central) portion, the regional model unde-
restimated (overestimated) this category of extremes; however, in the squares
located further north, the model shows good accuracy. The MAM quarter
(Figure 5(b)) also showed high spatial variability of bias, but positive values
predominated, mainly in its central portion. However, the good accuracy of
PRECIS in representing the dry extremes on the squares located further north is
noteworthy. In the southern winter (JJA, Figure 5(c)), when rainfall is reduced
in the region, the model reproduces the frequency of dry extremes along the stu-
died area well except in the squares located further north. From September to
November (SON, Figure 5(d)), in general, the model is more accurate when it
represents the frequencies of dry extremes in the north-central portion of the
study area; however, it overestimates them in the southern portion.

Regarding the frequency of rainy extremes on the mineral chain (Figure 6),
despite the high spatial variability of bias in DJF (Figure 6(a)), positive values
(overestimate) predominate in the southern portion, and negative values (unde-
restimate) predominate in the north-central portion. In the MAM quarter
(Figure 6(b)), negative bias values prevail, mainly in the southern portion of the
study area. In addition, it is valid to comment on the negative bias on the north-
ern portion, where the highest annual rainfall indices are recorded during this
period. In the JJA quarter (Figure 6(c)), in general, the model overestimates the
occurrence of rainy events in the southern portion of the study area, but it
represents this category well in the northern portion. In the SON quarter
(Figure 6(d)), which is representative of the beginning of the rainy season in the
southern portion of the study area, the model underestimates the rainy extremes
in the mineral extraction region but it shows a good performance in much of the
north-central portion of the study area, with emphasis on the grid points closest
to the Sdo Luis port region (MA).

In general, the model overestimates the ExtDry and underestimates the
ExtRain in the rainy season (DJF and MAM). According to [46], the PRECIS,
nested in HadGEM2-ES, underestimates precipitation in the north of the eastern
Amazon between the months of December and May, and is associated with the
difficulty of the regional model in adequately capturing of the Intertropical
Convergence Zone (ITCZ) in the region. Another general point worth mention-

ing is the underestimation of the rainy extremes in the southern portion of the
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Figure 6. Relative frequency bias of rainy extremes (ExtRain) in the quarters of (a) De-
cember to February (DJF); (b) March to April (MAM); (c) June to August (JJA) and (d)
September to November (SON). The numbers refer to the bias magnitude, where the pos-
itive numbers (in blue) indicate that the model overestimates the observed ones, while the
negative numbers (in red) indicate that the model underestimates them. The zero (in
green) denotes that the model was in accordance with what was observed. Unit: in per-

centage (%).
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study area in the MAM and SON quarters. Because they are the transition sea-
sons between dry and rainy regimes and vice versa, the model has difficulties in
representing this category of events. According to [27] [47], this difficulty may
be associated with the inadequate parameterization of radiation or surface
processes and effects of the local dynamic forces, such as wet or dry soil, which
ultimately predominate over large-scale forcings. This proposition can be further
supported with a characteristic of the short SPI (1 - 3 months) related to the re-
sponse of regional soil moisture conditions in relation to rainfall in short range
(44). Furthermore, the HadGEM2-ES global model, which provided the contour
conditions for the experiment, does not have the same formulation as the re-
gional model within PRECIS (HadRM3P). Thus, systematic errors of the global
model may be inherited by HadRM3P [47].

The great bias variability of climate extremes on the study area may also be
related to the low density of weather stations in the eastern Amazon, which are
interpolated to obtain CPC data, thus compromising the performance evaluation
of the model on the regional climate, as indicated in the study by [27]. Another
very important factor that may also be influencing these estimation errors,
mainly related to estimation of precipitation and implying a great variability of
the bias, is the poor representation of the surface coverage in the region given by
the surface scheme coupled with the regional model, given that any change in
surface coverage can impact the frequency of precipitation extremes [48].

3.2. Climate Extremes Probability

This section presents the results of the probability of occurrence of dry (ExtDry)
and rainy (ExtRain) climate extremes between 2019 and 2050 for the mineral
chain region. Climate extremes were approached considering seasonality and
were analyzed separately since anomalous dry and rainy events generate differ-
ent impacts.

Thus, Figure 7 shows the ExtDry probability results, considering the DJF
(Figure 7(a)), MAM (Figure 7(b)), JJA (Figure 7(c)), and SON (Figure 7(d))
quarters. The percentage scale of the probability of extremes shows a color gra-
dient (shades of yellow to red) associated with values between 0% and 12.5%.
The DJF and MAM quarters, characterized by the highest regional rainfall vo-
lume, have the highest percentage values of ExtDry probability, shown by the
number of orange and red squares. These squares are distributed throughout the
study region. However, the highest percentages are located in the north-central
portion, as shown in Figure 7(a) and Figure 7(b). Moreover, the JJA and SON
quarters showed contrasting percentage values in the study area. In Figure 7(c),
representing the JJA quarter, there is a higher percentage of probability of
ExtDry in the north-central portion of the region, predominantly in the squares
located in the state of Maranhdo. However, the percentages are not as high as
those observed in the DJF and MAM quarters. In the southern portion of the re-
gion, the percentages of probability of ExtDry are close to zero since it is not
possible to classify ExtDry in regions where, historically, precipitation totals are
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Figure 7. Probability of extreme dry events for the next 32 years (2019 to 2050) in the
quarters of (a) December to February; (b) March to May; (c) June to August and (d) Sep-
tember to November. The fine and thick black lines respectively represent the outlines of
the Brazilian States and the Carajas Railroad (EFC), which connects the mining complex
to the maritime port. The color scale indicates the relative frequency of weather events
along the North Corridor. Unit: Percent (%).

low, as in the case of the JJA quarter [8] [49]. Unlike what was observed in the
immediately preceding quarter, in the SON quarter it is possible to observe the
highest percentage values of the probability of ExtDry in the squares of the
southern portion of the region up to the border between the states of Para, To-
cantins, and Maranhdo, while in the north-central portion, the percentages are
close to zero due to low precipitation volumes.

The ExtRain probability maps in the mineral chain (Figure 8) show different
seasonal characteristics, with probability percentage values ranging from 0 to
18.8% (shades from green to purple). The DJF quarter is shown in Figure 8(a),
where it is possible to observe the intermediate portion and the squares near the
port region with the highest percentages of ExtRain probability. Figure 8(b),
representing the MAM quarter, shows a higher probability of ExtRain in the
southern portion, near the beginning of the mineral chain, a higher probability
of ExtRain, while the percentage values are close to zero for the other squares.
The JJA period is the one with the lowest probability of ExtRain in the entire re-
gion. This condition is evidenced by the green squares distributed along the
study area (Figure 8(c)). The SON quarter, shown in Figure 8(d), presents the
highest percentage of ExtRain values in the north-central portion of the region,

especially in the squares closest to the end of the mineral chain where the port
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Figure 8. Probability of extreme rainy events for the next 32 years (2019 to 2050) in the
quarters of (a) December to February; (b) March to May; (c) June to August and (d) Sep-
tember to November. The fine and thick black lines respectively represent the outlines of
the Brazilian States and the Carajas Railroad (EFC), which connects the mining complex
to the maritime port. The color scale indicates the relative frequency of weather events
along the North Corridor. Unit: Percent (%).

region is located, whose percentages are close to the maximum values of the col-
or scale. The ore extraction region has a low percentage of ExtRain probability in
the SON quarter as well as in the DJF and JJA quarters.

The mapping results of the probability of occurrence of ExtDry and ExtRain
between 2019 and 2050 showed peculiarities between periods and regions with
lower and higher percentages. In general, the results showed a higher probability
of ExtRain throughout the region, confirmed by the highest percentage values
compared to ExtDry.

During the rainy season, water drainage in the product storage yards is an ob-
stacle to the flow of operation in the mineral chain. However, the projections of
the climate model show an increase in the frequency of ExtRain in the region,
which may further aggravate the problems with drainage. In addition, it may al-
so favor the occurrence of natural disasters in the region, such as flooded rivers
and the collapse of embankments, since the soil is already saturated.

For both analyses of the climate extremes, the JJA, period where the lowest
rainfall in the year in the study region is recorded, quarter showed lower proba-
bility percentages, characterizing the period as the most appropriate for opti-
mizing mineral production, transportation on the railroad and ore loading on
ships, which should be conducted with little or no precipitation. However, the
MAM quarter for the Carajas region and the SON quarter for the area north of
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the railway correspond to the less desirable periods for mining activities, given
the higher probability of ExtRain. Climatologically, the SON quarter marks the
beginning of the rainy season in the southern part of the region, where the ex-
traction mines are located. However, future projections of extremes indicate a
higher percentage of ExtSc in the central-south portion for the SON quarter,
while for the central-north portion, where part of the railway and port is located,
a higher frequency of ExtRain is predicted. This may indicate possible delay or
anticipation of the beginning of the rainy season in the central-southern and
central-northern portions of the region, respectively, for some years.

Although the excess of rainfall is a problem for mining, a prolonged period
with no precipitation is also considered a hindrance, more precisely in extraction
activities that use water in the mining processes and ore processing. In this
sense, the DJF, MAM and SON quarters showed the highest probability percen-
tages of ExtDry between 2019 and 2050, indicating a higher frequency of periods
without precipitation. In a scenario of prolonged drought, associated with an in-
crease in the frequency of ExtSc, it can compromise the replacement of water in
the soil for the following periods, impairing the demands of human activities
and the environment. Another aggravating scenario is related to the high fre-
quency projections of ExtSc in the dry season, which can intensify the environ-
mental conditions conducive to the occurrence of forest fires due to the low hu-
midity and high temperatures, which can reduce the speed of ore transport by
rail, once the visibility of the train operator is reduced due to smoke, or even its
total stop until conditions improve. In addition, these fires result in loss of bio-
diversity in the region, contribute to CO, emissions into the atmosphere and al-
so reduce air quality in the vicinity of the event.

Most of the mineral chain processes occur in the outdoors, such as equipment
and railroad maintenance. In the Amazon, in general, extreme precipitation
events associated with convective meteorological systems are accompanied by
lightning strikes. As future projections indicate a higher percentage of extreme
rainy events over the study region, an increase in the number of lightning strikes
is expected, mainly in the central-northern portion of SON. In view of this hy-
pothesis, it is valid to recommend to decision makers that they consider this in-
formation in their long-term planning, and that they also constantly monitor
weather and climate conditions to mitigate risks and ensure the health and safety
of their employees. When comparing the results of this study with those found
in the literature, it was found that most studies are associated with climate
change in large regions and do not address the impacts on industries, such as the
mineral chain in the eastern Amazon. The studies emphasize the increase in
temperature and the variation of precipitation relative to the current climate.
However, there are studies on the frequency of climate extremes with different
approaches, such as [43], who evaluated the frequency of extreme drought and
rain events in the Amazon using four databases from 1979 to 2014 (36 years).
The authors also used the SPI methodology to define dry and rainy extremes,

applied over different time scales (3, 6 and 12 months), and found different re-
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sults from those in the present study, whose frequency of ExtRain from 2019 to
2050 was higher in percentage compared to ExtDry. [43] found that in the three
SPI time scales, in all seasons of the year, and in the four databases, the Amazon
showed frequencies of extreme rain events ranging from 3% to 6% in the study
period. However, they observed that extreme drought events showed a variation
of more than 6% of the frequencies. In addition to the results of these authors,
the present study showed ExtRain and ExtDry increase projections for the pe-
riod of 2019 to 2050 (32 years) in the eastern Amazon, which is a region of im-
portant economic activity for Brazil, the mining industry, which occurs outdoors
and is significantly affected by weather events.

The study by [50], evaluated the changes in daily extremes of temperature and
precipitation throughout the planet based on a set of climate change indices for
the period from 1901 to 2003 and revealed that they occur in all seasons of the
year, although they are less pronounced during the months from September to
November. They also showed a trend of increasing rainy weather extremes
throughout the 20th century. In the present study, the southern spring quarter
showed high percentage values of probability of climate extremes, both dry and
rainy. For the eastern Amazon, this period represents the beginning of the rainy
season in much of the mineral chain, and the results indicate possible changes in
regional rainfall patterns.

Since the climate in the Amazon is modulated by large-scale circulation pat-
terns, associated with surface conditions in the adjacent tropical oceans, a large
part of the rainfall variability in the region is defined by such effects through the
interaction between ocean-atmosphere [10]. As a striking feature of the climate
in the region, rainfall presents with high spatial and temporal variability, which
sometimes become extreme rainy or dry. In this context, the forecast of climate
extremes for up to 2050 in eastern Amazonia can be associated with anomalies
in the sea surface temperature of the adjacent oceans, specifically the hot and
cold phases of the El Niflo-Southern Oscillation (ENSO) in the Tropical Pacific
Ocean [11] [12] [14] [17] and/or interhemispheric gradient in the Tropical At-
lantic [8] [13] [16] [18]. Not least, these events can also be related to regional
circulation due to changes in land cover, which was not the object of study in
this work.

4. Conclusions and Recommendations

Considering projections for the near future (2019 to 2050) in the context of cli-
mate change, this work analyzed the seasonal patterns of climate extremes in
eastern Amazonia, exploring their impacts on the mineral production chain,
which goes from the mineral extraction mine to the port. Future projections
were obtained from simulations with the regional modeling system PRECIS
nested to the global model HadGEM2-ES, considering the intermediate scenario
of global warming of the IPCC. The dry and rainy climate extremes were defined
using the SPI (Standard Precipitation Index), initially applied to the monthly

precipitation data series and later grouped into quarters. The analyses were
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based on the relative frequency of the categories of dry and rainy extremes. Ad-

ditionally, the performance of the modeling system in identifying the climate

extremes in the present climate (1981 to 2005) was evaluated by comparing it
with observed data from the Climate Prediction Center (CPC).

As main highlights on the evaluation of the regional model determined by the
bias of the relative frequency of extremes:

- The high spatial bias variability of relative frequencies of extremes over the
study area indicates that the model is more accurate when detecting dry sea-
sonal climate extremes than the other category of extremes;

- Particularly in the center-south portion of the region (mines and part of the
railway), for both categories of climate extremes, PRECIS showed better ac-
curacy in the JJA quarter when compared to the others;

- In general, along the mineral chain in eastern Amazonia, the regional model
performs better over the port region, by representing dry climate extremes,
except in JJA, and rainy climate extremes, except in the rainy season (DJF
and MAM). Previous studies, which assessed PRECIS ‘ability to represent
seasonal precipitation in eastern Amazonia, indicated the model’s low accu-
racy in reproducing the Intertropical Convergence Zone, the main meteoro-
logical system that causes rainfall in the region at this period.

Regarding the probabilities of extremes in the future:

- There is a higher probability of rainy extremes throughout the region from
2019 to 2050, with an associated possible increase in lightning strikes, mainly
in the central-northern portion in the SON quarter;

- There is less likelihood of extremes in the JJA quarter; thus, it is the most ap-
propriate period for the mineral chain to optimize its production, transporta-
tion on the railroad and the loading of ores on ships;

- The MAM quarter in the mining region in Carajas/PA and the SON quarter
in the area north of the railway, correspond to the less desirable periods for
mining activities due to the higher probability of rainy climate extremes.

The present work brings a pioneering scientific approach in predicting the
occurrence of extreme events for eastern Amazonia considering the 2050 hori-
zon and an advance in studies on the impact of precipitation along the mining
chain. Although the present study uses only a regional climate model to investi-
gate the probability of climate extremes, the results of the study show scientific
solidity.

The results of this study suggest an increasing risk to the processes of the
mineral chain until 2050 associated with the occurrence of climate extremes,
since it is susceptible to adverse weather and climate conditions. However, the
analyzes provided by this study can help decision makers and stakeholders to
carry out long-term planning considering the impacts of climate extremes in the
future on the processes in the mineral chain.

Finally, in order to minimize the limitations of the methodology used in this

study, it is suggested for future works, consider using multi-model ensembles
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and additional data sources observed for evaluation of regional modeling. It is
also important to consider the change in land cover, since the regional surface

characteristics are also a key factor for the occurrence of climate extremes.
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