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Over the last years, Brazil has appeared among the new tropical wine producing countries.The joined effect of rising air temperature
and decreasing precipitation makes it important to quantify the trend of the thermohydrological conditions of the commercial
vineyards. The aims of the current research were to classify and delimit these conditions for the winemaking processes under
different time scenarios in the BrazilianNortheastern region. Bioclimatic indicators were used togetherwith long-termweather data
and projections of the IPCC emission scenarios under simulated pruning dates.The results showed that decreasing of precipitation
should be good for wine production when irrigation water is available, but rising air temperature will affect the wine quality and
stability mainly for pruning done from November to March. The best pruning periods are around May for any time scenario
considered. In general, more care should be taken for pruning happening in other periods of the year, regarding the effect of
increasing thermal conditions onwine quality.The classification and delimitation done, joinedwith other ecological characteristics,
are important for a rational planning of the commercial wine production expansion, mainly in situations of climate and land use
changes together with rising water competition.

1. Introduction

Long-term observations and models are showing pieces of
evidence of alterations in the climate system happening in
several places of the world, which can be attributed to human
activities. These effects are mainly consequences of changes
in the atmospheric composition and hence global average air
temperature is projected to rise together with regional varia-
tions in precipitation patterns [1, 2].

Grapevine phenology, wine quality, and yield are very
dependent on climate at regional, local, and microclimatic
scales [3]. Regional climate has been the focus of climate
change impact assessments. At the local level, the consider-
ations of grape site selection, cultural practices, and water
management are increasing, being very important issues for
potential adaptations to climate changes [4].

Air temperature values lower than 10∘C will limit the
vine shoot growth, inducing the plants to a dormancy period
in temperate climates [5]. The optimum thermal range is
considered between 25 and 30∘C [6]. According to Huglin
and Schneider [7], under situations of air temperature higher
than 25∘C, net photosynthesis decreases. Above 30∘C, berry
size and weight are reduced, with the metabolic processes
dropping near 45∘C [8]. Rising air temperature contributes
to high sugar concentration in grapes, resulting in larger
alcohol content in wines and lower acidity, increasing pH.
As consequences, the presence, intensity and quality of the
aroma, colour, and wine stability may be affected negatively
[9, 10].

Webb et al. [11] analysing air temperature ranges conclud-
ed that, by 2030 in Australia, there may be additional areas
for growing some grape varieties, but, overall, reductions in
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suitable areas are predicted by 2050 (between 27%, mid-
warming, and 44%, high warming). However, in the USA,
White et al. [12] showed that predictions based on average
air temperature ranges alonemight underestimate the climate
changes impacts on viticulture.

According to Ganichot [13], the potential alcohol levels
of grapes increased by 2% (from 9.7 to 22.7 v/v%), while total
acidity decreased from 6 to 4 g L−1 H

2
SO
4
and pH increased

from 3.0 to 3.3, across all grape cultivars between 1980 and
2001 in southern France. Jones [14] reviewed reports on
increased alcohol levels in wines from Alsace, Australia, and
Napa founding that 50% of their increases are attributed to
climate changes.

Besides the direct effects of rising air temperature on
vine physiology and grape composition, there are important
secondary ones. Increased soil and water salinity is a phe-
nomenon associated with several semiarid and arid regions
relying on irrigation [15, 16]. These joint effects can promote
high concentrations of Na, K, and Cl in wines [17]. Rising air
temperatures (30∘C) may increase suspended solid concen-
trations, but Brix levels larger than 24∘C Brix are likely not
due to photosynthesis and sugar transport from leaves and
woods. These high levels can be attributed to an increase of
evapotranspiration (ET), as thewarm air close to the canopies
is one of the energy sources for the water fluxes [18].

Warming conditions can directly affect the vineyardwater
requirements, which, together with precipitation reductions,
will lead to high levels of both aridity and irrigation water
demand [19]. According to Webb et al. [20], the air tempera-
ture rise during the harvest period may reduce berry quality
through higher ET rates. A prediction of increasing vineyard
water consumption up 30% by 2070, despite the changes in
precipitation patterns, was observed in Australia [21].

Jackson and Cherry [22] reported that high rainfall
amounts reduce the ripening capacity of grapes. On the other
hand, a certain level of water stress during this stage is favour-
able for the organoleptic wine quality [7]. Dry weather makes
irrigation technologies an important asset for controlling
water deficiencies and excesses and the need of vineyard
water requirements quantification [19, 21].

According to Webb [23] the vineyard-growing season
precipitation amounts are predicted to decrease or increase
in Australia, depending upon the region, while the aridity is
expected to rise in all areas by 2030 and 2050. Generally, these
predictions translate the need of a reduction in irrigation
water supply through increasing water productivity, which
may be considered as the ratio of the actual yield to the water
consumption [24].

A range of emission scenarios have been developed in the
Intergovernmental Panel on Climate Change (IPCC) Special
Reports on Emission Scenarios that reflect ways in which the
world might develop [25].

A large number of climate models have classified wine-
making regions by using different methodologies (e.g., Bon-
nardot et al. [26]; Tonietto and Carbonneau [27]). For ther-
mohydrological vineyard delimitation, aiming at grape and
wine production, one can apply bioclimatic indices based
on the thermohydrological requirements. The Multicriteria

Climatic Classification (MCC) System proposed by Tonietto
and Carbonneau [27] has been used under temperate climate
conditions in Europe [28, 29] and in South America [30, 31].
However, the method has worked well considering a single,
six-month growing season per year under these conditions.

Over the last years, the Brazilian tropical region has
appeared among the new wine producing areas. With proper
irrigation and cultural management practices, the farmers
can produce grapes and carry out winemaking at any time of
the year, allowing a potential average of between two to three
vineyard-growing cycles per year, in accordance with and
depending on each variety [19].The rise of the air temperature
with a consequent increase in aridity in the Brazilian North-
east region will affect the wine quality and water require-
ments. The joined effect of rising water consumption and
decreasing precipitation, together with rapid land use change,
makes it important to quantify the vineyard thermohydrolog-
ical trends on a large scale to subsidize winemaking adapta-
tions andwater productivity improvements in the near future.

The objective of this research was to combine bioclimatic
indicators, together with long-term weather data and projec-
tions of the IPCC A2 and B2 emission scenarios for the years
2020, 2050, and 2080, to classify and delimit the thermohy-
drological conditions for the winemaking processes under
different pruning dates and time scenarios in the Brazilian
Northeastern region. The modelling aims to subsidize the
rational expansion of wine grape crop and improvements
on water productivity, while minimizing undesired climate
change effects on wine quality and environmental damages.
This information is very important in situations of rising
water competition by irrigated agriculture, natural vegeta-
tion, and nonagricultural sectors in the present and future
conditions.

2. Materials and Methods

Figure 1 shows details of the Brazilian geographic regions,
with states of the Northeast region and the location of the
rain gauges and the conventional agrometeorological stations
used.

The available monthly total precipitation data were from
SUDENE (Superintendence of Development of the North-
east) referred to 1455 locations of rain gauges, while the
monthly mean air temperature data were from INMET
(National Meteorological Institute) recorded in 75 conven-
tional stations.

These weather data are long-term values for the period
from 1961 to 1990, taken as the baseline conditions in this
study and used for comparisons with the IPCC A2 and B2
emission scenarios for the projected years 2020, 2050, and
2080. In the stations with only precipitation data available,
the monthly air temperature (𝑇month) values were estimated
from the geographic coordinates [32].

As the air temperature data is easier to be obtained for
the whole Brazilian Northeast than the other meteorological
parameters involved in the water vapour transfer, theThorn-
thwaite (TH) method, which needs only the monthly aver-
ages (𝑇month) as an input, was first applied to retrieve the
monthly reference evapotranspiration (ETo). Available or
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Figure 1: Brazilian regions and the Northeastern states of Maranhão (MA), Piauı́ (PI), Ceará (CE), Rio Grande do Norte (RN), Paráıba (PB),
Pernambuco (PE), Alagoas (AL), Sergipe (SE), and Bahia (BA), together with the locations of the rain gauges and conventional agrometeor-
ological stations.

estimated weather data from the conventional stations were
used together with astronomical relations [33].

Simultaneousmeasurements of potential evapotranspira-
tion (ETp) in wine grape cv. Syrah under optimal soil mois-
ture conditions, together with ETo by the Penman-Monteith
(PM) method [34], allowed the acquirement of crop coeffi-
cient (𝐾

𝑐
) along a complete growing season [35]. Daily data

of solar radiation, air temperature and relative humidity, and
wind speed from an automatic agrometeorological station
were used for the calculation of ETo.

In the current research, a model based on the relation
of 𝐾
𝑐
and the accumulated degree days (DDac) was used to

retrieve ETp, considering the cv. Syrah as a reference [19],
after applying regression equations for calibrating EToTH into
EToPM throughout regression equations. Seven automatic
agrometeorological stations in the semiarid conditions of the
Brazilian Northeast were used for this calibration:

𝐾
𝑐
= 𝑎GDac

2

+ 𝑏GDac + 𝑐, (1)

where 𝑎 = −2×10−7, 𝑏 = 4×10−4, and 𝑐 = 0.54 are the regres-
sion coefficients valid for the Brazilian semiarid conditions,
with 𝑅2 = 0.80.

For the calibration of ET0TH into ET0PM, before using the
model relating𝐾

𝑐
and DDac, the regression equations for the

first and for the second semesters were applied separately,
both presenting 𝑅2 around 0.70. Since the intention is to
apply bioclimatic indicators for classifying wine grape areas
and not to have accurate ET measurements, this calibration
process seems to be plausible considering the absence of all
meteorological parameters necessary for PM equation in the
whole Brazilian Northeast region.

The ETp for one growing season (GS) was considered as
the vineyard water requirements for an average GS of four

months (VWRGS). Taking five 𝐾
𝑐
modelled values from

DDac, and a base air temperature (𝑇
𝑏
) of 10∘C, zero being

the initial value for DDac and considering the accumu-
lated ones for the first, second, third, and fourth months,
the average crop coefficient (𝐾

𝑐GS
) was multiplied by EToGS

to give VWRGS:

VWRGS = 𝐾𝑐GSEToGS. (2)

VWRGS together with the mean total precipitation for a
growing season (𝑃GS) allowed the development and applica-
tion of a vineyard water indicator (VWIGS) for the moisture
delimitations in the Brazilian Northeast, varying the pruning
dates:

VWIGS =
𝑃GS

VWRGS
. (3)

The indicator represented by (3) enables the character-
ization of the water component of the climate, taking into
account the input and output of water from and to the vine-
yards, indicating the potential moisture availability in their
root zones.

VWIGS values around 1.00 imply the feasibility for rainfed
wine grape crop, while thosemuch higher indicate unsuitable
conditions independently of irrigation water availability, due
to problems of moisture excess. Low VWIGS values mean
natural water deficiencies and the degree of irrigation needs
according to the pruning dates.

The future scenarios were considered by using precipita-
tion and air temperature data for the projected years cantered
on 2020, 2050, and 2080 from IPCC reports [1, 2] simulated
by the model HadCM3 from the Hadley centre [36], which
was chosen because it was the one that best agreed with



4 ISRN Agronomy

observed historical weather data among others tested in
South America [37].

The baseline and projected weather data were interpo-
lated in a Geographic Information System (GIS) environ-
ment, by the “moving average” method, and the thermohy-
drological models were applied to the grids of 𝑃GS and 𝑇GS.

Basic criteria for dividing the Northeastern region into
four classes (C1, C2, C3, and C4) of vineyard thermohydro-
logical conditions were used. First, the VWIGS values were
considered the most important factor, as the excessive mois-
ture is not suitable for the wine grape crop, independently if
irrigated or not.

WhenVWIGS values are lower or equal to 2.00 (classes C1
and C2), the moisture conditions are the best, because of less
plant diseases, root respiration problems, and direct damage
to the fruits promoted by excess of precipitation. These con-
ditions will favour better quality of must and wine, where,
according to data from the Brazilian Geographical and Sta-
tistical Institute (IBGE), the commercial wine grapes are
concentrated in the Brazilian Northeastern region.

As warmer conditions affect negatively the wine quality,
the most suitable areas in relation to moisture conditions
were classified according to a 𝑇GS threshold of 24

∘C. C1 areas
were considered those with 𝑇GS below 24∘C and C2 areas are
those above this value. Although the latter class has suitable
natural moisture conditions for irrigated wine crop, as long
as the air temperature increases above this threshold value,
the wine quality should be affected, contributing to high
levels of alcohol, low acidity, and large pH values, becoming
unbalanced with instability for the phenolic and aromatic
composition.

In situations of VWIGS being higher than 2.00, the grow-
ing wine grape areas and yield are reduced, according to
data from IBGE. A class with VWIGS higher than 2.00 and
lower or equal to 4.00was then considered as an intermediary
one; insofar the natural moisture increases, the yield and
wine quality should be affected, independently of the thermal
conditions.

Areas and pruning dates inside the worst class, those
having VWIGS higher than 4.00, should present the biggest
problems in grape yield due to high levels of natural humidity
that compromise the grape sanity, enological potential, and
consequently the wine quality. There is no commercial wine
grape crop reported by the IBGE under these conditions in
the Brazilian Northeastern states.

3. Results

3.1. Long-Term Vineyard Thermohydrological Conditions.
Figure 2 shows the maps of the 𝑇GS long-term values, for,
respectively, the coldest and the hottest GS, with pruning
dates in July and October (Figure 2(a)), respectively, and
those of 𝑃GS, for the wettest and the driest conditions, with
pruning dates in January and June (Figure 2(b)), respectively.

The lowest 𝑇GS values occur at the winter solstice time in
the Southern hemisphere, while the highest ones are found
when the Sun is around the zenith position over the central
part of the BrazilianNortheastern region. For pruning in July,
many pixels present 𝑇GS values lower than 22.0∘C, while one

can see a larger area with those higher than 24.0∘C, for prun-
ing in October (Figure 2(a)).

Analysing the 𝑃GS maps (Figure 2(b)), during the wettest
GS, Maranhão (MA) and the Northwestern side of Piauı́ (PI)
state are the most problematic areas, because of the Amazon’s
climatic influences, with total averaged values higher than
750mm. When the pruning occurs during the driest period,
almost the whole Northeast Brazil shows 𝑃GS long-term
values below 400mm, even lower than 150mm in the central
and Southwestern areas of the region.

Figure 3 shows the spatial variation of the VWRGS values
for the reference cv. Syrah, under different pruning dates and
an average GS of four months, based on the long-term data
from 1961 to 1990 (baseline conditions), in the Brazilian
Northeast region.

The pruning dates with maximum VWRGS values are in
September, when the average is 410mmGS−1, while the low-
est ones are found when they are in March, around
300mmGS−1. According to the standard deviations (SD), the
smallest and the largest spatial variations occur, respectively,
for pruning done fromMarch toMay (SD = 18mmGS−1) and
between August and October (SD = 23mmGS−1).

Table 1 presents the variation of VWRGS for the reference
cv. Syrah, among the Brazilian Northeastern states, consider-
ing the baseline conditions (1961–1990) and different pruning
dates for a four-month average GS.

Highlights are for Piauı́ (PI), Ceará (CE), and Rio Grande
do Norte (RN) as the states with the largest vineyard water
demands.Thehighest average values are found inCeará (CE),
while the lowest ones are for Bahia (BA) state.The extremes of
VWRGS values represent a daily range from 2.5 to 3.3mmd−1.

For the delimitation of the thermohydrological condi-
tions of the reference wine grape cv. Syrah, considering dif-
ferent pruning dates and an average four months GS, the
bioclimatic indicator VWIGS was first considered for the
baseline conditions (Figure 4).

Pruning dates between June and August present the larg-
est area of natural climate dryness conditions. Under these
circumstances the VWIGS values are below 0.50 and the SD
between 0.25 and 0.40. On the other hand, VWIGS larger than
2.00 and SD above 0.70 occur in larger areas for pruning dates
from December to April, mainly in the Northwestern side of
Maranhão (MA) state.

Table 2 presents the average VWIGS values per state, for
the wine grape cv. Syrah, considering different pruning dates
along the year and an average growing season of fourmonths,
in the Brazilian Northeast, by using weather data for the bas-
eline conditions (1961–1990).

VWIGS values around 2.00 or higher for the rainy period
are found in Maranhão (MA), Piauı́ (PI), and Ceará (CE)
states. The lowest ones occur during the driest pruning peri-
ods, in Ceará (CE) and Rio Grande do Norte (RN), with
averages even bellow 0.10.

Figure 5 shows the delimitation of four classes, according
to the thermohydrological conditions for the baseline condi-
tions, considering different pruning dates along the year, the
referencewine grape crop cv. Syrah, and an averageGS of four
months.
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Figure 2: Maps of the long-termweather values (1961–1990) for an average wine grape growing season of four months in the Brazilian North-
eastern region: (a) mean air temperature for the coldest and the hottest conditions (𝑇GS), with pruning dates, respectively, in July and October
and (b) total precipitation, for the wettest and the driest conditions (𝑃GS), with pruning dates, respectively, in January and June.

Table 1: Mean values of the vineyard grape water requirements, cv. Syrah, for different pruning dates, considering an average growing season
of four months (VWRGS) and the baseline conditions (1961–1990) in the Brazilian Northeastern states of Maranhão (MA), Piauı́ (PI), Ceará
(CE), Rio Grande do Norte (RN), Paráıba (PB), Pernambuco (PE), Alagoas (AL), Sergipe (SE), and Bahia (BA).

Pruning date VWRGS MA
(mm)

VWRGS PI
(mm)

VWRGS CE
(mm)

VWRGS RN
(mm)

VWRGS PB
(mm)

VWRGS PE
(mm)

VWRGS AL
(mm)

VWRGS SE
(mm)

VWRGS BA
(mm)

January 278.6 312.9 327.0 336.2 319.2 319.2 318.3 331.4 311.2
February 271.2 304.0 313.2 323.8 306.1 304.9 306.7 321.5 301.4
March 269.5 298.0 309.0 316.0 297.6 294.3 295.2 308.3 288.6
April 287.7 308.8 324.9 325.1 307.8 302.0 300.9 311.5 295.0
May 319.0 329.0 348.2 341.4 324.3 316.6 312.3 320.4 312.0
June 352.5 358.3 375.0 363.1 348.0 341.0 332.5 336.4 336.5
July 392.8 401.8 405.2 390.9 378.7 374.6 363.0 366.0 374.8
August 406.5 420.5 415.0 400.1 389.4 388.4 374.3 376.5 385.9
September 408.7 428.9 422.5 409.1 389.4 400.4 386.6 389.1 399.8
October 382.6 408.5 409.5 399.8 389.1 390.3 378.0 383.1 376.6
November 344.0 371.0 383.5 379.8 367.0 367.2 359.0 366.7 351.1
December 312.2 341.5 357.8 361.4 346.1 345.8 341.9 353.0 333.7
Year 335.4 356.9 365.9 362.2 346.9 345.4 339.1 347.0 338.9

The largest sizes for the C1 and C2 classes occur, respec-
tively, when the pruning dates are from April to June (62%
of the region) and from September to November (78% of the
region). The classes C3 and C4 occur mostly when the prun-
ing is done from December to February (28% of the region)

and from January to March (5% of the region), respectively.
The highest concentration is for C2 class when the pruning
dates are in October, representing more than 80% of the
Brazilian Northeast, while pruning periods in May present
more than 65% of areas classified as C1.
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Figure 3: Maps of the wine grape water requirements, cv. Syrah, for different pruning dates, an average growing season of four months
(VWRGS), and the baseline conditions (1961–1990), in the Brazilian Northeastern region.

Table 2: Mean values of the vineyard water index for the wine grape, cv. Syrah, considering an average growing season (VWIGS) of four
months and the baseline conditions (1961–1990), in the Brazilian Northeastern states of Maranhão (MA), Piauı́ (PI), Ceará (CE), Rio Grande
do Norte (RN), Paráıba (PB), Pernambuco (PE), Alagoas (AL), Sergipe (SE), and Bahia (BA).

Pruning date VWIGS MA VWIGS PI VWIGS CE VWIGS RN VWIGS PB VWIGS PE VWIGS AL VWIGS SE VWIGS BA

January 3.52 2.18 1.92 1.39 1.46 1.28 0.99 0.94 1.32
February 3.36 1.89 2.07 1.59 1.61 1.35 1.30 1.35 1.11
March 2.67 1.41 1.79 1.51 1.55 1.30 1.55 1.67 0.90
April 2.48 1.36 1.70 1.47 1.50 1.27 1.52 1.65 0.88
May 0.77 0.24 0.49 0.64 0.75 0.69 1.37 1.62 0.41
June 0.39 0.11 0.19 0.37 0.49 0.49 1.03 1.23 0.34
July 0.34 0.17 0.09 0.20 0.30 0.33 0.68 0.85 0.38
August 0.45 0.36 0.07 0.10 0.18 0.23 0.42 0.58 0.59
September 0.71 0.61 0.12 0.10 0.18 0.27 0.33 0.44 0.84
October 1.24 1.00 0.32 0.20 0.29 0.40 0.34 0.41 1.11
November 1.93 1.44 0.69 0.45 0.55 0.63 0.46 0.49 1.32
December 2.76 1.89 1.30 0.90 1.00 0.98 0.69 0.63 1.36
Year 1.72 1.06 0.90 0.74 0.84 0.77 0.89 0.99 0.88
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Figure 4: Maps of the vineyard water indicator for the wine grape, cv. Syrah, for different pruning dates, an average growing season of four
months (VWIGS), and the baseline conditions (1961–1990), in the Brazilian Northeastern region.

3.2. Projected Vineyard Thermohydrological Conditions.
Table 3 presents the averaged values of the differences (Δ)
for the wine grape thermohydrological indicators, between
the baseline conditions (1961–1990) and the projected years
(2020, 2050, and 2080), considering the IPCC A2 and B2
emission scenarios for the entire Brazilian Northeastern
region.

A generalized 𝑇GS increase is evident for any pruning
date; however, the lowest Δ𝑇GS values are predicted with
pruning occurring from June to August. On the other hand,
the highest ones are from November to March, being even
larger than 5.0∘CGS−1, considering the projected year of 2080
and the IPCC A2 emission scenario. These 𝑇GS increases will
make the vineyard water consumption rise, as evidenced by
the predicted ΔVWRGS averages, higher than 180mmGS−1
for pruning dates in December.

In parallel to the 𝑇GS increases, decreases in 𝑃GS values,
according to the pruning dates, are also generally evident.The
most negative ΔVWRGS values are during the rainy period,
when the𝑃GS values are expected to have an average reduction
of more than 250mmGS−1 by the year 2080, for pruning
dates between February and March.

The simultaneous increases in VWRGS and reductions in
𝑃GS will cause a progressive negative trend in VWIGS. The

average annual values are expected to have a reduction of
more than −0.60 by the projected year of 2080 from both
IPCC scenarios. The exceptions are for pruning dates from
November toDecember for the projected year of 2020 and the
IPCCA2 emission scenario, when the values remain stable, as
a consequence of the expected increases in 𝑃GS.

The spatial variations of the 𝑃GS differences between the
baseline and the projected years (Δ𝑃GS) in percentages, for
three differentwine grape pruning dates along the year, taking
as reference the cv. Syrah, in the Brazilian Northeastern
region, are shown in Figure 6. Positive valuesmean increases,
while the negative ones represent decreases.

For both IPCC emission scenarios strong 𝑃GS reductions
are predicted in large areas, mainly when the pruning dates
are around May. However, in some places, more notable for
pruning centred in January in the southern side of Bahia (BA)
state, there are signs of rainfall increases, especially for the
projected years of 2020 and 2050.

The spatial variations of the VWRGS differences between
the baseline and the projected years (ΔVWRGS), for three
different wine grape pruning date conditions along the year,
taking the cv. Syrah as reference, in the Brazilian North-
eastern region, are presented in Figure 7, also in percent-
ages.
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Figure 5: Class maps of the thermohydrological conditions for the wine grape, cv. Syrah, under different pruning dates, an average growing
season of four months, and the baseline conditions (1961–1990), in the Brazilian Northeastern region.

Although all areas have predictions for rising vineyard
water demands, lower ΔVWRGS values are verified for the
2020 projected year, with the minor ranges for pruning
around September, mainly in the southern side of Bahia
(BA) state. Considering the projected year of 2080 strong
increases are predicted, especially during the wettest period
represented by the pruning centred in January for IPCC A2
emission scenario, with highlights for Ceará (CE) and Piauı́
(PI) and the western part of Rio Grande do Norte (RN),
Paráıba (PB), and Pernambuco (PE) states.

The spatial variation for the differences between the
baseline and the projected years of the vineyard water indi-
cator (ΔVWIGS), for three different wine grape pruning date
conditions along the year, taking as reference the cv. Syrah, in
the Brazilian Northeastern region, is shown in Figure 8.

In general, there are decreases in VWIGS, with the highest
ones occurring for pruning dates around January as a result of

the predictions of reducing 𝑃GS and increasing VWRGS. The
most negative ΔVWIGS values are in the Northwestern side
of Maranhão (MA) state. For the Southwestern side of Bahia
(BA) state, more increases in VWIGS are predicted.

Analyses were done on how the initial four thermohy-
drological classes for wine grape could be changed along the
IPCC projected years, considering three different pruning
date conditions along the year, for the reference cv. Syrah, in
the Brazilian Northeastern region (Figure 9).

By the projected year of 2080, almost all the Brazilian
Northeastern states are predicted to present larger C2 areas.
However, for pruning dates around May, there are still
predictions of the C1 class, mainly in the southern side of
Bahia state.

C3 areaswill progressively be reduced, being restricted for
pruning done around January,while theworst classC4 arising
in theNorthwestern part ofMaranhão state, for pruning dates
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Table 3: Average differences for the wine grape growing season values of air temperature (ΔTGS), precipitation (ΔPGS), vineyard water
requirements (ΔVWRGS), and vineyard water index (ΔVWIGS) between the baseline conditions (1961–1990) and the projected years of 2020,
2050, and 2080, in the Brazilian Northeastern region, considering the reference cv. Syrah: IPCC A2 (a) and B2 (b) emission scenarios.

(a) A2 emission scenario

Pruning date Δ𝑇GS (
∘C) Δ𝑃GS (mm) ΔVWRGS (mm) ΔVWIGS (—)

2020 2050 2080 2020 2050 2080 2020 2050 2080 2020 2050 2080

January 1.5 3.0 5.6 −7.4 −88.0 −217.1 31.8 68.9 170.9 −0.20 −0.57 −1.14

February 1.6 3.1 5.5 −110.4 −165.9 −269.3 32.3 69.3 156.7 −0.51 −0.79 −1.22

March 1.6 3.1 5.3 −161.8 −206.5 −265.8 27.6 60.6 132.9 −0.64 −0.84 −1.10

April 1.5 3.0 5.0 −177.1 −198.9 −233.9 25.9 53.1 108.9 −1.08 −1.17 −1.30

May 1.4 2.8 4.6 −121.9 −137.1 −148.6 22.7 44.6 86.1 −0.39 −0.44 −0.48

June 1.3 2.6 4.1 −89.5 −97.3 −102.7 22.8 42.0 71.7 −0.26 −0.29 −0.30

July 1.3 2.6 4.0 −84.7 −89.6 −94.8 19.8 40.4 72.4 −0.23 −0.25 −0.26

August 1.3 2.7 4.2 −84.9 −91.7 −114.0 19.7 43.1 89.5 −0.22 −0.23 −0.31

September 1.5 2.9 4.5 −57.2 −76.5 −124.3 19.3 46.3 112.5 −0.16 −0.18 −0.36

October 1.5 2.9 5.0 13.4 −38.5 −118.0 19.1 48.5 119.3 −0.01 −0.18 −0.44

November 1.5 3.0 5.4 59.9 −5.6 −129.3 28.6 62.4 155.8 0.07 −0.28 −0.62

December 1.5 3.0 5.6 75.4 −11.1 −142.1 29.3 65.9 186.1 0.09 −0.28 −0.85

Average 1.5 2.9 4.9 −62.2 −100.6 −163.3 24.9 53.8 121.9 −0.30 −0.46 −0.70

(b) B2 emission scenario

Pruning date Δ𝑇GS (
∘C) Δ𝑃GS (mm) ΔVWRGS (mm) ΔVWIGS (—)

2020 2050 2080 2020 2050 2080 2020 2050 2080 2020 2050 2080

January 1.3 2.6 4.0 −106.1 −69.8 −203.9 27.8 58.2 107.9 −0.47 −0.48 −0.99

February 1.4 2.8 3.6 −133.8 −162.8 −252.1 29.2 60.8 86.6 −0.57 −0.75 −1.07

March 1.3 2.6 3.4 −172.0 −207.2 −267.0 23.7 50.5 68.0 −0.65 −0.82 −1.03

April 1.2 2.5 3.4 −179.4 −198.9 −222.8 21.8 43.0 65.3 −1.08 −1.16 −1.25

May 1.2 2.3 3.2 −124.7 −135.7 −143.9 19.5 36.7 54.2 −0.39 −0.43 −0.46

June 1.1 2.2 2.9 −91.1 −97.8 −99.4 20.0 35.2 49.8 −0.27 −0.29 −0.29

July 1.3 2.1 2.8 −85.1 −93.4 −93.3 16.5 31.9 46.9 −0.23 −0.25 −0.25

August 1.1 2.2 3.0 −82.6 −90.3 −105.0 16.4 34.5 53.8 −0.22 −0.24 −0.28

September 1.3 2.5 3.0 −56.3 −72.2 −110.6 16.3 37.8 50.4 −0.16 −0.21 −0.31

October 1.2 2.5 3.6 −62.2 −17.1 −107.0 14.9 54.2 78.2 −0.19 −0.11 −0.37

November 1.3 2.7 4.0 −30.0 22.9 −98.1 25.7 37.4 100.9 −0.16 −0.10 −0.47

December 1.4 2.8 3.7 −25.1 11.5 −130.7 26.4 57.7 93.5 −0.18 −0.20 −0.64

Average 1.3 2.5 3.4 −95.7 −92.6 −152.8 21.5 44.8 71.3 −0.38 −0.42 −0.62

during the rainy conditions in January, will practically disap-
pear along the years (see Figures 7 and 9).

4. Discussion

According to the long-term data, there are no thermal limi-
tations for wine grape crop in the Brazilian Northeast, with
pruning dates in the middle of the year. On one hand,
several situations are inside the optimum average range of air

temperature from 25 to 30∘C [6]. On the other hand, the air
temperature values are not below the threshold of 10∘C [5],
which could introduce a dormancy stage.

When the pruning is around October, many areas with
thermal conditions outside the upper limit (over 30.0∘C)
often occur and could bring some limitations for wine quality.
These latter situations will contribute to high sugar content in
grapes but wines with increasing levels of alcohol, low acidity,
and large pH values. These effects together will promote
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Figure 6: Spatial variation of the growing season precipitation differences in percentage (Δ𝑃GS), between the baseline (1961–1990) and the
projected years of 2020, 2050, and 2080, considering three different pruning dates along the year, an average growing season of four months
for the cv. Syrah, and the IPCC A2 and B2 emission scenarios in the Brazilian Northeastern region.

a wine unbalance with instability for the phenolic and
aromatic composition [8–10]. In addition, secondary effects
related to declines in soil structure and increases of soil
salinity could occur [15, 16], favouring high concentrations
of Na, K, and Cl in the tropical wines [17].

Normally, the highest vineyard water requirements occur
when the pruning dates are centred in September and the
lowest when they are around March. Among the Brazilian
Northeastern states, Piauı́ (PI), Ceará (CE), and Rio Grande
do Norte (RN) are highlighted, showing the largest evapo-
transpiration rates, which may correspond to good yield if
water is available. However, some care must be taken in case
of water scarcity, having ample room for wine grape water
productivity improvements in situations of lower atmospher-
ic demands [24].

Comparing the long-term regional daily averaged vine-
yard water requirements of 2.5 to 3.3mmday−1 from the cur-
rent study with water use from five experiments under
different conditions [38–42], the results from the upscaling
techniques used in the current study seem to be plausible.
However, as the growing seasons in tropical climates are
shorter, the total evapotranspiration rates are lower than
those from temperate conditions.

After computing the ongoing and outgoing components
of the climatic water balance, it was observed that the lowest
natural vineyardmoisture conditions occur for pruning dates
from May to August. These conditions will avoid plant dis-
eases, root respiration problems, and direct damage to the
berries promoted by excess of precipitation, favouring better
quality of bothmust andwine [19].Thehighest baselinemois-
ture levels for pruning done from January to April should
promote the worst wine commercial production. Excessive

rainfalls reduce the ripening capacity of grapes, and the
impossibility of water stress application is unfavourable for
the organoleptic wine quality [7]. However, the effects of
moisture excess are minimized along the IPCC projected
years.

Considering the long-termweather data of 1961–1990, the
pruning periods with the best thermohydrological conditions
for wine grape crop (class C1) are from May to June. High-
lights are for Bahia (BA), Pernambuco (PE), Paraı́ba (PB),
Alagoas (AL), Sergipe (SE), and the west side of Maranhão
(MA) with the largest areas inside this class. The worst ther-
mohydrological class (C4) only occurs in the Northwestern
part of Maranhão (MA) state, when the pruning is between
January and March. In this last class, the highest levels
of natural humidity compromise the grape sanity and the
enological potential [19]. It is important to note that, even
if C3 and C4 areas not being suitable during the wettest
period of the year in the BrazilianNortheast, they will present
favourable conditions (C1 class) when the pruning dates are
from June to October.

Taking into account the projected years, there are general
air temperature increases during the growing seasons with
increments of C2 and decreases in C1 areas, which may con-
tribute to more problems for elaborating the Brazilian trop-
ical wines, because of increments of alcohol content and
decreases of acidity, increasing pH [9, 10].

The most important effect from climate changes for wine
production in the Brazilian Northeast region should be to
takemore care of the increasing thermal conditions regarding
thewine quality. Examples of attention to this problem are the
addition of tartaric acid to address the imbalance of acidity
and the reverse osmosis procedures to dealcoholise wine [21].
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The differentiating effects of changing precipitation pat-
terns among areas in the current research are in agreement
withWebb [23], who predicted decreasing or increasing rain-
fall during the growing seasons, depending upon the vineyard
areas in Australia, by 2030 and 2050. On the other hand,
increments in water requirements along the years agreedwith
Anderson et al. [21], who reported vineyard evapotranspira-
tion rising up to 30% by 2070 in that country.

In the Brazilian Northeast, the increases of wine grape
water consumption during the rainy period are important,
because the subsequent months strong reductions in precipi-
tation are also predicted, which means higher irrigation re-
quirements during the climatologically driest periods. The
simultaneous increases in atmospheric demand and decreas-
es in rainfall amounts will call more attention for improve-
ments of vineyard water productivity [24].

Accounting for the most suitable areas for wine grape
crop in the Brazilian Northeast, their reductions are more
drastic than those reported by Webb et al. [11]. According to
these authors, considering a high emission scenario, decline
in suitable areas by 2050 around 44% is predicted inAustralia.
However, the current results are similar inmagnitude to those
reported by White et al. [12] in USA, who concluded that, by
the end of the 21st century, suitable grape production areas
could reduce by 81%.

It is important to keep the current analyses of the pro-
jected vineyard thermohydrological conditions with caution,

as uncertainties arise inherent to the future social-economic
status of the population and technological changes, as these
aspects are the basis for the IPCC scenarios simulations.

To make the developed models in the Brazilian semiarid
conditions applicable to other wine grape varieties and cli-
matic areas, probably one needs to adjust the regression coef-
ficients of the equation relating the crop coefficient and the
accumulated degree days.

5. Conclusions

Bioclimatic indicators, based on the relations between the
crop coefficient, the reference evapotranspiration, and the
accumulated degree days, together with precipitation and air
temperature data, allowed the large-scale classification of the
thermohydrological conditions for wine grape production in
the Brazilian Northeast (region), considering long-term and
projected time scenarios.

The growing season values of the vineyard water require-
ments together with those of the total of precipitation were
used for the development and application of vineyard water
indicator. This indicator joined with growing season air tem-
perature data was used to classify four different thermohy-
drological conditions in the Brazilian Northeaster region.

The modelling has the advantage of incorporating the
thermal effects during the vineyard crop stages, extrapolat-
ing the water variables to different spatial-temporal scales.
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Tomake them applicable to other climatic areas, probably, the
only thing needed is to adjust the regression coefficients of the
equation relating the crop coefficient and the accumulated
degree days.

The delimitation of the vineyard thermohydrological
conditions by using the bioclimatic indices, joined with other
ecological characteristics, is suitable for a rational planning
of commercial wine production expansion in the Brazilian
Northeast considering different pruning dates and time
scenarios. This information is essential in situations of rising
water competition by irrigated agriculture, natural vegeta-
tion, and nonagricultural sectors.
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ques pour l’établissement des vignobles,” Le Bulletin de l’Organ-
isation Internationale de la Vigne et du Vin, vol. 53, pp. 783–786,
1980.

[7] P. Huglin and C. Schneider, Biologie et écologie de la vigne,
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[29] D. Blanco-Ward, J.M. Garćıa Queijeiro, andG. V. Jones, “Spatial
climate variability and viticulture in the Miño River Valley of
Spain,” Vitis, vol. 46, no. 2, pp. 63–70, 2007.

[30] M. Ferrer, R. Pedocchi, M.Michelazzo, G. Gonzalez-Neves, and
A. Carbonneau, “Delimitación y descripción de regiones vit́ıco-
las del Uruguay en base al método de clasificación climática
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condiciones del cultivo,” Agrociencia, vol. 11, pp. 47–56, 2007.

[31] C. Montes, J. F. Perez-Quezada, A. Peña-Neira, and J. Tonietto,
“Climatic potential for viticulture in Central Chile,” Australian
Journal of Grape and Wine Research, vol. 18, no. 1, pp. 20–28,
2012.

[32] E. P. Cavalcanti and V. P. R. Silva, “Programa computacional
para a estimativa da temperatura do ar para a regiãoNordeste do
Brasil,” Revista Brasileira de Engenharia Agŕıcola e Ambiental,
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