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a b s t r a c t

Sugarcane is a typical culture of hot and humid climate and therefore is well adapted to the climate in
many regions of Brazil. However, there may be yield reductions in the Northeastern region of Brazil due
to possible future reductions in rainfall levels. The aim of this study was to simulate, using the Century
4.5 model, the impact of climate changes on potential sugarcane yield in Goiana and Itamb�e, Zona da
Mata of Pernambuco. The Century 4.5 model was booted with soil and climate data from 1950 to 2012.
Data on total soil carbon, soil texture (sand, silt and clay contents), pH, soil density and soc stocks were
obtained from previous studies. The climate scenario used was the average emissions SRES A1B, designed
by Eta/CPTEC model for periods 2014e2040, 2041e2070 and 2071e2100, which is composed of LOW
member (low emissions) and HIGH member (high emissions). According to the results obtained by A1B
scenario, the potential yield can be reduced in the near future (2014e2040). The high temperatures in
northeastern Brazil will increase the evapotranspiration rates, reducing the amount of water available in
the soil, making the planting of sugarcane increasingly difficult, which tend to be strongly reduced in
drier areas, such as cities located in the western portion of the Zona da Mata region, northern state of
Pernambuco, Brazil.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The global climate is undergoing constant changes in the last
decades due to global warming that occurs due to human activities,
notably deforestation, changes in land use and emissions of
greenhouse gases from the burning of fossil fuels. Global warming
is the increase in mean temperature due to the increased green-
house effect [1], which occurs when part of the infrared radiation
emitted by the earth is absorbed by gases contained in the

atmosphere. These gases are known as greenhouse gases (GHGs),
which main components are water vapor and CO2. In the previous
decade, there has been an average increase of 2% in the CO2 con-
centration in the atmosphere, showing that the absorption of car-
bon by natural systems is not occurring at the same rate as it has
been emitted [2,3]. According to future climate projections pub-
lished by IPCC (Intergovernmental Panel on Climate Change), the
average earth temperature will increase up to 5 �C by the end of the
century [4].

It is likely that climate changes promote impacts on agriculture,
impairing the distribution of global agricultural production [5] and
aggravating the problem of hunger in the most vulnerable parts of
the planet, such as poor countries of Africa, Asia and Latin America
[6]. Large agricultural producers, such as Brazil, may be affected by
changes in the global climate, since the temperature rise threatens
the cultivation of various agricultural crops. Several studies have
shown that the main agricultural crops aimed at feeding the
world's population such as rice, wheat, soybeans, corn, beans and
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coffee will suffer productivity losses due to the increase in tem-
peratures and changes in rainfall regime [7e11]. However, some
crops that are more resistant to high temperatures, such as sugar-
cane, may benefit from climate changes until they reach their limit
of tolerance to increased temperature and water stress [9].

Brazil is the world leading producer of sugarcane and harvested
nearly 618 million tons in 2010. The perspectives for future in-
creases in sugarcane production may be limited by possible re-
ductions in water availability in some regions and increased
expected demand of water for other uses. Moreover, in the future,
these areas may be influenced by climate changes, becoming hotter
and drier, and may be not suitable for cultivation of various crops
currently produced [12]. In most regions of Brazil, sugarcane will
show no loss of suitable areas, but in the Northeastern region, in
addition to reduction of suitable areas, declining crop yield may
also occur, being feasible only under irrigation [9].

Computational models such as APSIM, DSSAT, Century and
others have been used to analyze the impacts of climate changes on
the development of sugarcane. The Century model simulates the
dynamics of carbon and nutrients (nitrogen, phosphorus and sul-
fur) in natural and cultivated biomes in temperate soils [13]. The
Century is a mechanistic model that analyzes long-term dynamics
of soil organic matter (SOM) and nutrients in the soil-plant system
in several agroecosystems. This model was originally developed to
simulate the dynamics of SOM in grasslands in North American
plains [14], but has been used in various biomes, soil types and
climates [14,15].

Recently, studies performed with the Century model in version
4.0 in the Zona da Mata of Pernambuco state, Brazil, evaluated the
efficiency of the model to simulate the dynamics of soil carbon in
sugarcane agrosystems under different management practices
[16,17]. By combining models that simulate the dynamics of C and
climate models, the effects of climate changes on sugarcane yield
can be investigated using future climate scenarios, provided by the
Eta/CPTEC regional climate model that represents projections of
emissions of greenhouse gases for the future climate and thereby
simulate the dynamics of carbon and nutrients under these climatic
conditions.

Thus, the present study aimed to evaluate the impact of climate
changes on the potential sugarcane yield using the Century 4.5
model for the A1B climate change scenario (IPCC-SRES).

2. Materials and methods

2.1. Locations

The potential sugarcane yield (ton ha�1) in future years was
simulated for two municipalities located in the Zona da Mata re-
gion, northern state of Pernambuco: Goiana and Itamb�e. This re-
gion presents optimum conditions for sugarcane cultivation, which
ranges 25 �Ce33 �C for air temperature and 1500 to 2000 mm for
rainfall [18,19]. Goiana is located on the coast (7�550S, 35�000W,
13 m) and the climate was classified as tropical Atlantic (Aw) ac-
cording to the Koppen classification, with high rainfall and low
temperature variations during the year. The annual rainfall is high,
with average of 1800 mm, and the annual average air temperature
is 24.6 �C. Itamb�e is located on thewestern side of the Zona daMata
of Pernambuco (7�300S, 35�100W, 179 m). According to the Koppen
climate classification, the climate type is tropical Atlantic (As),
characterized by hot and dry with average annual air temperature
is 24.2 �C. The average annual rainfall is 1200 mm.

Climate variables required for booting the Century 4.5 model
were monthly accumulated rainfall (mm) and maximum and
minimum temperature (�C). The historical series of monthly pre-
cipitation was obtained from the National Institute of Meteorology

(INMET) and from the Agency for Water and Climate (APAC) at
meteorological stations distributed in the state of Pernambuco. The
data used cover the period from 1950 to 2012 [20]. The Inverse
Distance Weighting (IDW) interpolation method was applied on
the rainfall series to obtain the rainfall series of the study areas [21].
The monthly air temperature data (maximum and minimum) were
estimated using the Estima T software developed by the Federal
University of Campina Grande, to estimate air temperature in
northeastern Brazil. It determines the coefficients of the quadratic
function to average, maximum and minimum monthly tempera-
tures as a function of local coordinates of longitude, latitude and
altitude [22].

The soil data required to boot up the model came from the
experimental fields of Itapirema in Goiana and IPA station in
Itamb�e: total organic carbon (TOC), texture (sand, silt and clay
contents), soil density, pH and soil organic carbon stocks (Table 1).

2.2. Climate scenarios from Eta/CPTEC regional model

2.2.1. SRES A1B climate scenario
Sugarcane yield was simulated using the SRES A1B climate

scenario generated by the Eta/CPTEC regional model through dy-
namic downscaling of the HadCM3 global model [25]. The Eta/
CPTEC regional model has high resolution (40 km lat-lon) with 20
vertical layers on South America. The climate scenario used was
SRES A1B, i.e., a scenario of average Green House Gases emissions.
In the present study, two subsets with different sensitivities to CO2
emissions were considered: LOW (low emissions) and HIGH (high
emissions), both belonging to the A1B scenario. Variables precipi-
tation and maximum and minimum temperature for the present
climate (1961e1990) and future climate (2014e2100) were
considered by assessing this scenario.

2.2.2. Correction of systematic errors of data of the Eta/CPTEC
regional model

2.2.2.1. Air temperature. The predictions of the numerical models
have systematic errors that occur due to active physical processes
and the initial and boundary conditions represented in the models.
Therefore, it is necessary tomake comparisons of analysis with data
of the Eta/CPTEC model and with observed data to verify the
magnitude of systematic errors.

For air temperature data, the correction of systematic errors (�C)
occurred by subtracting the monthly averages from monthly
average data generated by the Eta/CPTEC model [26].

SYSTEMATIC ERROR ¼ TEMPETA/CPTEC � TEMPOBS (1)

where: TEMPETA/CPTEC corresponds to air temperature (�C) simulated
by the Eta/CPTEC model and TEMPOBS corresponds to measured air
temperature (�C) both refer to the 1961e1990 period.

A series of thirty years of model and observed data for the
period of the present climate (1961e1990) was divided into two
other periods: a series for the correction of systematic errors
(1961e1985) and the other to verify the correction efficiency
(1986e1990). The first period was used to calculate the systematic
error that was used to correct the model data for the second period
and thus to verify the correction efficiency by comparison with
observed data [27].

2.2.2.2. Rainfall. The approach used for the corrections of system-
atic errors in temperature data is not suitable for rainfall data. The
correction of this variable was performed by multiplication factor c
[28,26], Defined as:
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