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Abstract: The evaluation of bioclimatic viticulture indices (BVIs) zones, similar to any other crop,
necessitates a comprehensive understanding of the spatial variability of climate data. This study
focuses on assessing the suitability of BVIs in the Jabal Al Arab region, a significant viticulture area in
the Eastern Mediterranean. The aim is to analyze four temperature-based bioclimatic indices and the
hydrothermal coefficient (HTC) to map their patterns and spatial variation across the region under
climate change scenarios. Daily temperature data from 15 meteorological stations and 57 rain gauges
spanning 1984-2014 were utilized, along with downscaled future scenarios (the Representative
Concentration Pathways (RCPs) based on the second generation Canadian Earth System Model
(CanESM2)) for 2016-2100. Additionally, statistical analysis and hybrid interpolation (regression-
kriging) were employed to accurately map the BVIs throughout the region. The results reveal
substantial spatial variability in Jabal Al Arab’s climate, with heat accumulation and the hydrothermal
index during the growing season significantly influenced by elevation and distance to the seacoast.
Additionally, the viticulture zones vary based on the specific index used and the projected future
climate scenarios compared to the current climate. Climate change projections indicate a trend toward
warmer conditions in the future. Under the RCP scenarios, the region can be categorized into up to
three bioclimatic classes for certain indices, in contrast to the current climate with six classes. These
findings offer valuable insights into viticulture suitability within each climatic region and facilitate
the identification of homogeneous zones. By employing consistent bioclimatic indices and advanced
hybrid interpolation techniques, this study enables meaningful comparisons of Jabal Al Arab with
other viticulture regions worldwide. Such information is crucial for selecting suitable grapevine
varieties and assessing the potential for grape production in the future.

Keywords: grapevine (Vitis vinifera); hybrid interpolation; climate change; CanESM2; agro-climatic
indices; sustainable farming; regression-kriging; RCPs; Syria

1. Introduction

Grapevine (Vitis vinifera) holds significant cultural, ecological, and economic impor-
tance in the Mediterranean Basin, making it a major crop with the largest acreage among
fruit products [1,2]. The production of grapevines is influenced by various interconnected
environmental conditions [3], often encompassed by the term “terroir.” While there is
ongoing debate regarding its precise definition, most definitions attempt to capture the
combination of micro-climatic factors, soil characteristics, topography, geology, and their
intricate interrelationships [4—6]. The International Organization of Vine and Wine (OIV)
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has defined “terroir” as having a geographical dimension, emphasizing the necessity for
zoning and delimitation, particularly with regard to agroecological factors such as cli-
mate and soil [7]. However, in research aimed at determining the suitability of specific
sites for vineyards or the cultivation of particular grapevine varieties, the influence of
meteorological elements in the delimitation of zones should carry more weight than soil
characteristics [3,7].

Since temperature variability can significantly impact viticultural areas at different
scales, various temperature-based bioclimatic viticulture indices (BVIs) have been devel-
oped. These include the Winkler Index (WI-GDD) [8], the Huglin Index [9], the cool night
index (CI) [10], and the hydrothermal coefficient (HTC), which integrates the effects of
temperature and precipitation during the growing season [11]. BVIs have been extensively
studied in viticultural regions worldwide using diverse approaches. Examples include
Argentina [12,13], Australia [14,15], Europe [16], New Zealand [17], Croatia [18], central
Chile [19], the western USA [20], Hungary [21], Serbia [22], Romania [23], the province
of Quebec in Canada [24], the State of Washington and parts of northeast Oregon in the
USA [25], and even globally [10]. Smaller regions such as the Mifio river valley in Spain [26],
Turkey’s Black Sea region [27], the Portuguese Douro valley region [28,29], the western
slopes of Jabal Al Arab in Syria [3], the Apulian region in Italy [30,31], and Santorini Island
in Greece [32] have also been studied.

As part of the Eastern Mediterranean region, the agricultural sector in southern Syria
faces significant challenges related to various environmental issues. These challenges in-
clude soil erosion [33], the impact of climate change on agricultural production [34], and the
negative consequences of unsustainable agricultural practices on soil health [35]. Among
the agricultural activities in this region, viticulture holds great importance as it supports
the livelihood of the local population and contributes to food industries such as grape
wines, molasses, and raisins. However, similar to other agricultural sectors, viticulture also
encounters several environmental problems, including unsustainable management prac-
tices [3] and difficulties associated with the availability of soil micronutrients for vineyard
cultivation [36]. Research conducted by Mohammed et al. [36] revealed that the majority of
studied soils in southern Syria, specifically for vineyard cultivation, exhibit micronutrient
concentrations below the critical level. To promote sustainable viticulture practices, Al-
safadi et al. [3] developed new maps that analyze optimal regions for economically viable
viticulture production in this area. These maps incorporate climate-viticulture indices, soil
requirements, and other topographic indicators to identify suitable locations for cultivating
vineyards. These maps aim to assist decision-making processes in selecting new cultivation
sites and support the development of sustainable viticulture practices in the region.

To enhance the management of local viticultural regions in response to global warming
and climate change, it is crucial to have high-resolution data that accurately depict the
spatial distribution BVIs [37-39]. General circulation models (GCM) of climate change
often lack the precision required to delineate the variability of BVIs at the local level, which
typically operates at approximately 100-300 km spatial resolution. Additionally, the calcu-
lation of BVISs often relies on a small number of locations connected through climatic station
sites or coarse-resolution distributed datasets. Consequently, the methods employed to pre-
cisely delineate symmetrical regions may not generate accurate maps. Several algorithms
and methods have been employed to generate fine-scale gridded data for BVIs. These
include geostatistical approaches [40], dynamical and statistical downscaling [41,42], and
dynamical and geostatistical techniques [43]. Remote-sensing-based modeling utilizing
MODIS-land surface temperature (LST) has been utilized [44], along with downscaling
of MODIS-LST through machine learning regression models [45] and statistical methods
such as multivariate linear regression and non-linear support vector regression [39]. Other
methods employed include the regression-kriging (RK) method [46] and the Weather Re-
search and Forecasting model WREF [38]. In general, hybrid interpolation algorithms are
preferred, particularly when incorporating auxiliary information and interpolating the
models’ residuals. Numerous studies have indicated that the RK technique is suitable for
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this purpose [30,46—48]. By utilizing these advanced methods, it becomes possible to gener-
ate accurate and detailed maps of BVIs, enabling better understanding and management of
viticultural regions in the face of climate change.

Our study focuses on the mapping of precipitation- and temperature-based BVIs
at a fine resolution during the growing seasons in the prominent viticulture regions of
Jabal Al Arab, situated in the Eastern Mediterranean. The mapping covers the period
from 1984 to 2014 and incorporates downscaled climate change scenarios based on the
second generation Canadian Earth System Model (CanESM2) and three Representative
Concentration Pathways (RCPs) from 2015 to 2100. To achieve this, we employed the
regression-kriging (RK) model, allowing us to generate maps at a high resolution of 1000 m
intervals. For the implementation of the RK model, we utilized daily observed temperatures
and applied the regression method. To enhance the accuracy of the model, we conducted a
regression analysis of BVIs using a range of terrain characteristics obtained from a Digital
Elevation Model (DEM) and auxiliary information. This approach has been successfully
employed in previous studies and demonstrated superior performance compared to a
simple regression model. By utilizing the RK model and incorporating various terrain
characteristics and auxiliary information, we aim to produce highly detailed maps of BVIs,
providing valuable insights into the viticulture regions of Jabal Al Arab. Additionally,
we extended our analysis to include climate change projections based on the CanESM2
model and RCPs, enabling us to assess the potential impacts of future climate scenarios on
viticulture in the region.

2. Materials and Methods
2.1. Study Area, Data Collection, and Preliminary Analysis

The study area under investigation is situated in the Eastern Mediterranean, specifi-
cally in southwestern Syria and northern Jordan. Geographically, it lies between latitudes
32°18' N and 33°13’ N, and longitudes 36°20" E and 37°02" E, encompassing an area of
3458 km? (Figure 1a). The climate in this region is characterized as continental, with cold
and wet winters, and hot and dry summers. In July, average temperatures during the
summer range between 18 °C and 32 °C, while in January, winter temperatures average
between 3 °C and 10 °C (Figure 1b). The average annual precipitation in the region is
350 mm, with the maximum recorded rainfall being approximately 570 mm in the elevated
area (Figure 1a). The majority of rainfall is concentrated in the winter season, with the
mean monthly precipitation in February ranging from 10 mm to 145 mm. Based on the
Koppen-Geiger classification, the central and western hilly regions of the study area fall
within the temperate wet climatic zone, whereas the eastern part is characterized by a
desert (arid) or semi-arid (continental or steppe) climate. The altitudes in the region vary
from 696 m in the western part to 1795 m above sea level in the central part (Tall Qeni).
The area holds significant importance as a viticulture region in the Eastern Mediterranean,
with a total viticultural area of approximately 10,125 ha in 2015. According to the Syrian
Ministry of Agriculture and Agrarian Reform (SMOAAR), the region is the second most
important in terms of viticulture, following apples. Vineyards are a crucial source of in-
come for thousands of families, with an annual production of no less than 40,000 tons. The
cultivation of vineyards in this region is deeply rooted in the region’s economic heritage,
passed down from previous generations.

In this study, the modeling of the BVIs gridded data at a fine spatial resolution of
the study area was based on in situ data from several sources, which can be explained
as follows:
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Figure 1. (a) Study area, spatial distribution of stations location, annual precipitation (mm) [48], and
studied viticultural regions, (b) seasonal cycles of temperature and precipitation in the study area.

2.1.1. Observed Air Temperature and Precipitation

To fulfill the main objectives of our research, we utilized in situ data obtained from
various sources, including 57 rain gauges and 15 climatic stations. These data were sourced
from the Syrian Meteorological Authority (SMA), SMOAAR, and the Jordan Meteorological
Department (JMD) database. The selection of stations took into consideration their location,
both within and outside the study area, as depicted in Table 1. Daily data spanning from
1984 to 2014 were collected for analysis. During the data preparation phase, we included
stations with observations covering a minimum of 20 years to ensure data reliability. To ad-
dress any missing values and ensure uninterrupted data acquisition, gap-filling techniques
were applied. Specifically, we utilized 7 rain gauges with complete data and 9 gridded
points of temperature variables from the NASA Power Data, which have a resolution of 0.5°
arc degree, as reference data for correction, gap filling, and homogeneity testing. Regardless
of the spatial interpolation method employed, careful data preparation and handling were
necessary. This involved removing outliers, selecting candidates and reference stations,
filling data gaps, and conducting homogeneity tests. It is important to note that when
dealing with data from multiple sources, each with its own settings, these steps are crucial
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to obtain high-quality data for reliable climate assessment. To ensure data quality, a rigor-
ous procedure was implemented, which included analyzing the difference series between
candidate stations and their neighboring stations through pairwise comparisons. Missing
values were interpolated using simple linear regression. Furthermore, the Standard Normal
Homogeneity Test (SNHT), as proposed by Alexandersson [49], was applied to assess data
homogeneity. For detailed information on the quality control and homogeneity testing
process, refer to the attached documentation for the AnClim software [50].

Table 1. Observed data used in this study.

. Number of Temporal Reference
Variable Data Type Station/Point Scale Period Source
Precipitation (mm) Rain gauge and 57 Monthly 1984-2014 SMA, SMOAAR, and JMD
climatic stations Daily
Temperature (°C) Climatic stations 15 Daily 1984-2014 SMA, SMOAAR, and ]MD
NASA Power Data release 8.0.1
Temperature (°C) Gridded data 9 Daily 1984-2014 https:/ /power.larc.nasa.gov

(Accessed on 15 February 2023)

2.1.2. CIMP5 Climate Projection (CanESM?2)

The large-scale standardized climatic variables of CanESM2 and the NCEP (National
Centers for Environmental Prediction) reanalysis dataset were used to assess the current
climate and projected climate change under the RCPs. These datasets are available from
the Canadian Climate Data and Scenarios website (http://climate-scenarios.canada.ca,
(accessed on 15 February 2023)) for the baseline climate period of 1961-2005 and future
scenarios from 2006-2100 under three RCPs (RCP2.6, RCP4.5, and RCP8.5). The spatial
resolution of the data is approximately 2.81 degrees, with longitude and latitude val-
ues relatively fixed. To represent nearly observed station data in the study area, the
“BOX_014X_44Y” grid cell from CanESM2 was selected. However, due to the coarse spatial
resolution of general circulation models (GCMs), their applicability in impact evaluation
research, environmental planning, adaptation, and decision making at regional and local
scales is limited. Furthermore, uncertainties and biases associated with GCMs increase
when compared to regional and local scales, further limiting their usefulness in local-scale
assessments and environmental planning studies. To address this, a downscaling process
was employed to increase spatial resolution, reduce potential biases, and provide finer
spatial information. The Statistical DownScaling Model (SDSM) [51] was adopted to down-
scale the outputs from CanESM2. This method involves statistically fitting a relationship
between local-scale climatic variables (predictands) and large-scale climatic variables (pre-
dictors) using a multiple regression model and bias correction methods [52,53]. In this
study, the SDSM software was used to downscale the CanESM2 outputs. The observed
monthly precipitation data from 57 rain gauges and average, maximum, and minimum
temperatures from 15 synoptic weather stations were utilized. Additionally, 26 predictors
from the NCEP reanalysis data and CanESM2 (see Table 1 in Gebrechorkos et al. [54] study)
were imported into the software for model fitting, validation, and future projections.

2.2. Bioclimatic Viticulture Indices (BVIs)

Five BVIs were calculated to assess the impact of climate change on viticulture in the
Eastern Mediterranean:

(i) The hydrothermal coefficient (HTC) was introduced by Branas et al. [11] as a measure
that combines the influence of seasonal precipitation and temperature specifically
during the growing season. Its purpose is to assess water availability for vineyards
and determine the suitability of rainfed viticulture [55]. In areas where HTC values
fall below 0.5 mm/°C, grape production can only be sustained with high air humidity
or irrigation. The HTC ranges from 1.5 to 2.5 mm/°C, with an optimal value of
1.0 mm/°C [55].
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10P
HTC = DD 1)

P represents the rainfall during the growing season in millimeters, and GDD denotes the
cumulative effective degree days above 10 °C.

(i)

(iii)

(iv)

The Winkler Index (WI-GDD) is commonly used to estimate the heat accumulation
during the growing season for vineyards. Traditionally, this index calculates the total
daily average temperatures from April to the end of October, using a base temperature
of 10 °C, as proposed by Amerine and Winkler [8]. In our study, due to the warm
climate in the region compared to higher altitude areas, we extended the calculation
period from March to the end of September. The WI-GDD can be expressed as follows:

Sept 30th .

GDD = Z:Mm' 1st (Tavg - 10)/ Tavg > 10 )
0; Tavg <10
Tmax 4+ Tmin

The Huglin Index (HI) was developed by Huglin [9] and is calculated similarly
to the WI-GDD, but with a greater emphasis on maximum temperature and an
adjustment based on latitude, specifically the length of the day coefficient [9]. The HI
provides more detailed information on the sugar potential of specific grape varieties
and offers qualitative insights when combined with the values of the CI cool night
index [10]. Jones et al. [56] and Hall and Jones [14] have updated the HI formula
to accommodate all latitudes, considering the months from April to September in
the Northern Hemisphere and excluding October, as they believe that the values
become less significant during the harvest period [17,20]. In this study, we began
accumulating daily average temperatures from March, using a coefficient length of
the day of “d =1".

1 ( (Tavg — 10) + (Tmax — 10
Ertor et (( 3=10 2( ))d; fiug 210 @
Tmax + Tmin
Tuvg = (2> (5)

The cool night index (CI) was developed by Tonietto and Carbonneau [10] to assess
the degree of coolness during nighttime by considering the average minimum tem-
peratures in the ripening month, typically September in the Northern Hemisphere.
This climatic factor significantly influences grape and wine characteristics, including
color and aromas. The Cl is particularly useful for evaluating the qualitative aspects
of wine grapes, specifically the presence of secondary metabolites such as aromas
and polyphenols in grape juice [57]. To calculate CI, the minimum air temperatures
in September are averaged and expressed in degrees Celsius for the Northern Hemi-
sphere. In the Southern Hemisphere, the calculation involves averaging the minimum
air temperatures in March, also expressed in degrees Celsius [10]. These climate-
viticulture indices, which also include the previously mentioned ones, enable the
assessment of the optimal climatic suitability in terms of heat, water availability, phe-
nological development throughout the growing season, and ripening conditions [58].
See Table 2 for more details regarding the climate-viticulture indices zones.
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Table 2. The applied BVIs in this study and their class interval.

BVIs Unit Class of BVIs, and Class Interval Reference
Growing season Cool (©) 13-15
tem ei;atures °C Temperate (T) 15-17 [59]
fGST) Warm (W) 17-19
Hot (H) 19-24
Excessively dry (ED) <0.25
Dry (D) 0.25-0.5
Hydr;)ft.h.err?al _ Moderately dry (MD) 0.5-1.5 [11]
CO(eH,IFC ée)n Moderately wet (MW) 1.5-2
Wet (W) 2-2.5
Excessively wet (EW) >2.5
Too cold (TC) <850
Cold (C) 850-1390
Winkler Index Moderately cold (MC) 1391-1670
growing degree GDD Warm (W) 1671-1940 [8]
days (WI-GDD) Moderately warm (MW) 1941-2220
Hot (H) 2221-2700
Too hot (TH) >2700
Too cold (TC) <1200
Very cool (VC) 1200-1500
Cool (C) 1500-1800
Huglin Temperate (T) 1800-2100
Heliothermal index GDD Temperate warm (TW) 2100-2400 [9]
(HI) Warm (W) 2400-2700
Very warm (VW) 2700-3000
Too hot >3000
Too cold (TC) <1200
Very cool nights (VCN) <12
D R Cool nights (CN) >12< 14
Cool night index (C1) C Temperate nights (TN) >14 <18 (10]
Warm nights (WN) >18

(v) The growing season temperatures (GST) is a climate-maturity zoning system created
by Jones [59] to classify regions based on the correlation between phenological needs
and growing season temperatures. It encompasses a range of climates, from cool
to hot, to cultivate high-quality grapevines in globally recognized regions and for
commonly grown grape varieties. The GST system assists in identifying the favorable
climate conditions required for optimal grapevine growth and maturity during the
growing season.

2.3. Fine-Scale Modeling of BVIs Using Regression-Kriging (RK)

To accurately produce regional zones of BVIs at a fine spatial resolution, it is necessary
to obtain BVIs for each pixel with fixed horizontal spacing grids, taking into consideration
the environmental lapse rate. The environmental lapse rate represents the ratio of BVIs’
change with variation in altitude, which leads to variations in temperature accumulation
during the growing season due to complex terrains. Typically, these procedures involve
using a Digital Elevation Model (DEM) and employing local regression equations and
hybrid interpolation methods such as regression-kriging [30,46,47]. Geostatistical interpo-
lation approaches recognize that the geographical variation in any continuous variable,
including each BV], is often too irregular to be described by a simple mathematical function.
Instead, a stochastic surface can better explain the variation. The regression-kriging (RK)
method [60,61] is applied, where each BVI is independently determined using the multi-
variate regression trend (MR), and the MR’s residuals are added back in the next step. This
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process allows the obtaining of BVIs with fixed horizontal spacing grids at each unsampled
pixel x based on the following equation:

Zrk (x) = MR(s) + RS(s) (6)

where the regressions, MR(s), are fitted by the MR, and the MR's residuals, RS(s), are
predicted using the ordinary kriging (OK) method. The predictions were expressed in
the equation:

In Equation (6), Zrk (x) represents the predicted value of the BVIs at unsampled pixel
x. It is obtained by adding the regressions, MR(s), fitted by the multivariate regression
trend (MR), with the predicted residuals, RS(s), using the OK method. The predictions are
expressed as follows:

ZRK(X) = Z B](So) X Vj(S()) + Zn:wi X RS(S[) (7)

j=0 i=1

Zgx represents the estimation at a specific site (x), Bj(so) are the unstandardized
coefficients of the MR, v;(sg) is the predictor (value of the independent variable) at the same
site. p is the number of predictors used in RM models, wj is the weight fixed by applying
the OK method of the MR residuals, RS(s;), for n neighboring observed points.

In Equation (7), Zrk represents the estimation at a specific site (x). The equation is
comprised of two main parts. The first part is the sum of the products of unstandardized
coefficients, B;(so), and predictors, vj(so), at the same site. This represents the contribution
of the multivariate regression trend (MR) to the estimation. The sum is performed over all
p predictors used in the MR models. The second part is the sum of the products of weights,
wj, and the predicted residuals, RS(s;), obtained from applying the OK method to the MR
residuals. This represents the contribution of the spatial interpolation of the residuals to
the estimation. The sum is performed over n neighboring observed points. Together, these
two parts combine to provide the estimation Zrx at the specific site x.

To achieve this, the elevation data for the study area was obtained by calculating and
extracting it from the Digital Elevation Model (DEM) provided by the U.S. Geological
Survey’s Center for Earth Resources Observation and Science (EROS) Archive—Digital
Elevation—Global (GTOPO30) within the HYDROI1k project data [62]. The DEM had
a horizontal grid spacing of 30 arc-seconds, which corresponds to approximately 1 km
resolution. Geographic data such as longitudes, latitudes, and distances to the sea coastline
were also collected. Additionally, MODIS cloud cover data were acquired for the study
area, which was used for precipitation modeling [47]. These data, along with the elevation
data, were utilized in fitting the multivariate regression (MR) models using the principal
component method. This approach helped address the issue of multicollinearity that can
arise when using correlated variables in the MR method. It should be noted that the RK
method, which was employed for spatial interpolation, tends to provide more accurate
predictions when the variables are available at all locations within the region. In this study,
regular gridded data at a resolution of 1000 m were used to obtain the BVIs for the entire
study area, while station-based BVIs estimates were obtained for a fixed horizontal spacing
grid, resulting in a continuous surface. This approach allowed for the determination of
BVIs values for each smallest resolution unit (pixel) within the study area. Four raster BVI
models were created: one representing the current climate for the period of 1984-2014,
and three models for different climate change scenarios (Representative Concentration
Pathways—RCPs). All of the procedures described above were carried out using the
geostatistical tool package within the ArcGIS 10.8 environment (Esri, Redlands, CA, USA).
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3. Results
3.1. Projected Change in Temperatures and Precipitation

Estimates were conducted to assess the spatiotemporal variability of mean air tem-
perature and annual precipitation anomalies under the CanESM2 projection for the period
2015-2100, considering three RCPs—RCP2.6, RCP4.5, and RCP8.5. The baseline period
used for comparison was 1984-2014, and the analysis was carried out across 15 stations in
southern Syria. The results reveal that under RCP2.6, the average anomalies in mean air
temperature across all 15 stations were 1.73 °C. The highest average temperature anomaly
was recorded in August (2.42 °C), while the lowest was observed in November (0.83 °C).
These findings indicate that the average air temperature was higher than the baseline
values across all stations. Similar patterns were observed for RCP4.5 and RCP8.5, with
average anomalies of 2.13 °C and 3.16 °C, respectively, across all months. The highest
average anomalies occurred in February and March, with values of 4.14 °C and 4.1 °C for
RCP4.5, and in August and September, with values of 3.65 °C and 3.75 °C for RCP8.5. On
the other hand, the lowest anomalies were observed in October, with a value of —1.25 °C
for RCP4.5, and in April, with a value of 2.35 °C for RCP8.5. However, under RCP4.5, the
anomalies in mean air temperature were negative in October and November across all
regions, indicating that the temperature during these months became colder compared to
the baseline values (Figure 2).
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Figure 2. Spatial-temporal change in monthly precipitation and temperature using CanESM2 future
scenarios spanning from 2015 to 2100 under the RCPs in comparison to the baseline period of
1984-2014.

Regarding precipitation, across 57 stations in southern Syria, the estimated reduction
in cumulative monthly precipitation compared to baseline values was 44.6 mm, 59.4 mm,
and 91.5 mm under RCP2.6, RCP4.5, and RCP8.5, respectively. The stations of Ain Arab
and Al Tanf exhibited the highest and lowest reductions in precipitation amounts across
the different RCPs. Under RCP2.6, the maximum reduction was 120.9 mm (Ain Arab) and
the minimum reduction was 14.0 mm (Al Tanf). Similarly, under RCP4.5, the maximum
reduction was 150.9 mm (Ain Arab), and the minimum reduction was 19.3 mm (Al Tanf),
while under RCP8.5, the maximum reduction was 231.7 mm (Ain Arab), and the minimum
reduction was 25.7 mm (Al Tanf). Furthermore, under RCP4.5, the anomalies in monthly
precipitation were positive in October, November, and December across all regions, indi-
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cating that the precipitation during these months became wetter compared to the baseline
values (Figure 2).

3.2. Current Temporal Trends and Projected Change in BVIs

Estimates of the BVIs were conducted for three regions, namely Ain Arab, Kafer, and
Orman, for a baseline period of 31 years from 1984 to 2014. Figure 3 shows the temporal
evolution of HI and WI-GDD values during the period 1984-2014 for the Kafer and Orman
regions, indicating a tendency of increase (statistically significant, p < 0.05), as well as for
the three RCPs—RCP2.6, RCP4.5, and RCP8.5—over 86 years from 2015 to 2100 (Figure 4).
The study found that the highest increase in WI-GDD under RCP2.6 compared to the
baseline was estimated in Orman (18.5%), followed by Kafer (17.6%) and Ain Arab (6.6%).
This same trend was observed under RCP4.5 and RCP8.5 in all three regions, with the
highest magnitudes being 29.5%, 28%, and 16.1% under RCP4.5, and 35.8%, 33.6%, and
22.9% under RCP8.5, respectively (Table 3 and Figure 4). In addition, the coefficient of
variation (CV) varied across the three regions and different scenarios, with the lowest CV
being 3.8% under RCP2.6 in Ain Arab and the highest being 16.9% under RCP8.5, also in
Ain Arab. For Al Kafer, the CV ranged from 3.0% under RCP2.6 to 12.7% under RCP8.5,
while for Orman, it ranged from 3.3% under RCP2.6 to 14.3% under RCP8.5. Regarding
the change in HI, the study estimated that the highest increase under RCP2.6 compared to
the baseline was in Orman (16.2%), followed by Kafer (14.3%) and Ain Arab (5.9%). This
same trend was observed under RCP4.5 and RCP8.5, with magnitudes of 25.9%, 22.5%, and
15.8% under RCP4.5, and 30.8%, 26.6%, and 21.0% under RCP8.5, respectively (Table 3).
The coefficient of variation (CV) varied across the regions and scenarios, ranging from
2.4% to 12.7% in Kafer, from 2.8% to 11.3% in Orman, and from 3.2% to 12.7% in Ain Arab.
Moreover, the study estimated that the highest decrease in HTC under RCP2.6 compared to
the baseline was in Orman (—51.9%), followed by Kafer (—18.0%) and Ain Arab (—14.5%).
This same trend was also observed under RCP4.5 and RCP8.5, with magnitudes of —71.2%,
—47.4%, and —46.9% under RCP4.5, and —67.7%, —41.7%, and —38.3% under RCP8.5,
respectively (Table 3 and Figure 4). The CV varied across the regions and scenarios, ranging
from 28.7% to 64.2% in Orman, from 31.3% to 55.3% in Kafer, and from 27.0% to 58.8%
in Ain Arab. Finally, the study estimated that the highest increase in CI under RCP2.6
compared to the baseline was in Orman (11.5%), followed by Kafer (9.4%) and Ain Arab
(6.0%). The same trend was observed under RCP4.5, with values of 1.6%, 0.4%, and —3.9%
in Orman, Kafer, and Ain Arab, respectively. Under RCP8.5, however, the highest increase
was estimated in Ain Arab (39.1%), followed by Orman (22.2%) and Kafer (19.9%). The
coefficient of variation (CV) varied from the lowest 2.8% under RCP2.6 to the highest
11.4% under RCP8.5, and 4.7% under RCP4.5 in Ain Arab, whereas in Kafer, the CV varied
from 2.5% under RCP2.6 to the highest 9.0% under RCP8.5, and 4.0% under RCP4.5 and
in Orman, the CV varied from the lowest 2.5% under RCP2.6 to the highest 9.1% under
RCP8.5, and 4.3% under RCP4.5 (Table 3 and Figure 4).

Table 3. The percentage change in WI-GDD, HI, HTC, and CI for future scenarios spanning from
2015 to 2100 under RCP2.6, 4.5, and 8.5, in comparison to the baseline period of 1984-2014.

Regions RCPs WI-GDD HI HTC CI
RCP2.6 6.6 5.9 —14.5 6.0
Ain Arab RCP4.5 16.1 15.8 —46.9 -39
RCP8.5 22.9 21.0 —38.3 39.1
Kafer RCP2.6 17.6 14.3 —18.0 9.4
RCP4.5 28.0 225 —474 0.4
RCP8.5 33.6 26.6 —41.7 19.9
Orman RCP2.6 18.5 16.2 —51.9 11.5
RCP4.5 29.5 259 —-71.2 1.6

RCP8.5 35.8 30.8 —67.7 22.2
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Figure 3. Temporal evolution of BVIs values during the 1984-2014 period for specific viticultural
regions in the study area.
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Figure 4. The kernel smoothed probability density function of the temporal distribution of BVIs
values under projected climate change compared to the current climate for specific viticultural regions
in the study area.

3.3. Delineation of BVIs Zones under Projected Climate Change

To assess the spatial distribution of BVIs zones at a 1 km spatial resolution, analyses
were conducted using the RK method for both current climate conditions (referred to as
the “1984-2014 period”) and projected climate change scenarios (RCPs). Zonal statistical
analysis was performed for the study area, revealing significant changes between 1984 and
2014 and the RCPs (Figure 5). The results indicated that under current climate conditions,
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the GST indicator showed that 71.7% of the study area was classified as the Hot zone (H),
while the Warm (W) and Temperate (T) zones covered approximately 20% and 7.8% of
the study area, respectively. However, when considering climate change scenarios, the
Hot zone expanded significantly. It was projected that 91%, 96.5%, and 97.9% of the study
area would be dominated by the Hot zone for the RCP2.6, RCP4.5, and RCP8.5 scenarios,
respectively. These areas witnessed an increases +20.3%, +24.8%, and +26.2% compared
to the current climate conditions (see Table 4). Additionally, the Warm zone is expected
to shift towards the elevated areas in the central part of the study area under climate
change scenarios.

1984-2014 RCP-2.6 2015-2100 RCP-4.5 2015-2100 RCP-8.5 2015-2100

GST

WI-GDD

[
Too hot (TH) Hot (H) Moderately Warm (W) Moderately Cold (C)
warm (MW) cold (MC)

Too hot (TH) ~ Very warm (VW) Warm (W)  Temperate warm  Temperate (T) Cool (C)
(TwW)

HTC

| I N |
0.75-1 (MD) 0.5-0.75 (MD) 0.25-0.5 (D) i
A2 2

Warm nights (WN)  Temperate nights (TN) ~ Cool nights (CN) Very cool nights (VCN)

Figure 5. Spatial distribution of BVIs zones under current climate and projected climate change for
three RCPs under sustainable development (RCP2.6), modest mitigation (RCP4.5), and unabated
climate change (RCP8.5).
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Table 4. Changes in percentage area (%) per zone of the BVI under projected climate change (2015
2100) and three RCPs compared to the current climate (1984-2014).

2015-2100
BVI Zone 1984-2014
RCP2.6 RCP4.5 RCPS.5
C 02 0(—0.2) 0(—0.2) 0(-0.2)
T 78 0.3 (-7.5) 0(-7.8) 0(—7.8)
GST w 20.3 7.7 35 2.1
H 71.7 92 (+20.3) 96.5 (+24.8) 97.9 (+26.2)
C 2.9 0(—29) 0(—29) 0(—2.9)
MC 8 1.7 (—6.3) 0(—8) 0(-8)
w 15.8 6.4 (—9.4) 38(—12) 1.1(—147)
WI-GDD MW 30.3 11.8 (—18.5) 7(-23.3) 5.2 (—25.1)
H 403 43.6 (+3.3) 285(—11.8)  21.2(-19.1)
TH 2.6 36.5 (+33.9) 60.7 (+58.1) 72.5 (+69.6)
C 13 0(—13) 0(—13) 0(-1.3)
T 7.2 0(-7.2) 0(-7.2) 0(-7.2)
W 13.3 2.3 (—11) 0.2 (—13.1) 0(-13.3)
HI w 21.3 7.2 (—14.1) 41(-17.2) 2.5 (—18.8)
VW 26,5 13.8 (—12.7) 8.5(—18) 7.3(—19.2)
TH 30.4 76.7 (+46.3) 87.2 (+56.8) 90.2 (+59.8)
ED 52.8 75.5 (+22.7) 91.3 (+38.5) 88.9 (+36.1)
HTC D 349 19.6 (—15.3) 8.7 (—26.2) 11.1(—23.8)
MD 12.3 49 (—7.4) 0(—12.3) 0(—12.3)
VCN 42 0(—42) 22(-2) 0(—4.2)
CN 6.7 3.1(—3.6) 5.1(—1.6) 1.7 (—5)
cI TN 85.8 433 (—42.5) 77.1(—8.7) 224 (—63.4)
WN 33 53.6 (+50.3) 15.6 (+12.3) 75.9 (+72.6)

The values in parentheses are the percentage of change (%) compared to current climate values.

Since the WI-GDD and HI provide information on the accumulation of heat during
the growing season for vineyards, and thus provide better information regarding the
sugar potential accumulation of given varieties and climate-maturity zoning, we assessed
the spatial distribution of WI-GDD and HI as given in Figure 5 for both current climate
conditions and RCPs. The results indicated that under current climate conditions, the
WI-GDD showed that only 2.6% of the study area was classified as the Too Hot zone (TH),
while the Hot (H) zone covered approximately 40.3% of the study area. However, when
considering climate change scenarios (RCPs), the Too Hot zone expanded significantly.
It was projected that 36.5%, 60.7%, and 72.5% of the study area would be dominated
by the Too Hot zone for the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively. These
areas witnessed an increases +33.9%, +58.1%, and +69.6% compared to the current climate
conditions (see Table 4). Moreover, the Hot zone and Moderately Warm (MW) zone are
expected to shift towards the elevated areas in the central part of the study area under
climate change scenarios, resulting in a decrease in their percentage distribution compared
to the current climate conditions. Notably, the Moderately Cold (MC) and Warm (W) zones,
which are the most important zones for viticulture cultivation, are projected to decrease
under climate change scenarios. The MC zone is expected to decrease by 6.3%, 8%, and 8%
from the study area, while the W zone is expected to decrease by 9.4%, 3.8%, and 14.7%
from the study area, for the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively, compared
to the current climate. The same results were obtained for the HI zones with slight changes
compared to the WI-GDD (see Figure 5 and Table 4).

In terms of the spatial distribution of HTC, which determines the suitability for rainfed
viticulture, the study classified the region into six classes ranging from excessively dry
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(ED) to excessively wet (EW) (Table 2). The results indicated that under current climate
conditions, the study area can be divided into three zones: ED, D, and MD zones, covering
approximately 52.8%, 34.9%, and 12.3% of the study area, respectively. The MD zone,
considered the optimal region with HTC values ranging from 0.5 to 1.0 mm/°C, is expected
to decrease by 7.4% in terms of coverage area under the RCP2.6 scenario. However, this
zone is projected to disappear entirely under the RCP4.5 and RCP8.5 scenarios. These
findings suggest that grape production based on these scenarios would only be possible
with irrigation due to the unsuitability of the climate for rainfed viticulture.

In terms of the spatial distribution of CI, which is a significant indicator of grape
and wine color and aromas, the study examined its variations under both current climate
conditions and different RCPs scenarios. The findings revealed that the study area can
be classified into four zones under current climate conditions: VCN, CN, TN, and WN
zones, covering approximately 4.2%, 6.7%, 85.8%, and 3.3% of the study area, respectively.
The WN zone is projected to expand by +50.3%, +12.3%, and +72.6% from the study area
under the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively. On the other hand, the
CN zone (considered the optimal region with CI values >12 and <14 C) is expected to
decrease by 3.6%, 1.6%, and 5% from the study area under the RCP2.6, RCP4.5, and RCP8.5
scenarios. Furthermore, the VCN zone is anticipated to disappear under the RCP2.6 and
RCP8.5 scenarios. These findings suggest that the warming projected under the RCPs will
significantly impact the spatial distribution of CI, subsequently influencing the quality
of grapes in terms of secondary metabolites such as aromas and polyphenols. It can also
impede sugar accumulation and anthocyanins. For more details regarding the BVIs values
and zones under projected climate change compared to the current climate for major
viticultural regions in the study area see Table 5.

Table 5. Changes in mean BVIs values and zones under projected climate change compared to the
current climate for major viticultural regions in the study area.

W-GDD HI HTC CI
Scenario Region Mean Zone Mean Zone Mean Zone Mean Zone
Alkars 1826.9 w 2368.9 ™W 0.46 D 14.6 TN
Euyun 1784.4 w 2318.8 ™W 0.475 D 14.4 TN
Orman 1859.4 w 2408.6 w 0.375 D 14.7 TN
Baseline Qanawat 1626.5 MC 2140.9 ™W 0.702 MD 12.7 CN
1982-2014 Mafeila 1809.5 w 2289.3 W 0.605 MD 14.2 TN
Mayamas 1493.3 MC 1999.6 T 0.73 MD 12.1 CN
Kafer 1631.6 MC 2137.7 ™W 0.626 MD 12.8 CN
Sahwat Kh 1657.6 MC 2183.5 ™ 0.573 MD 13.3 CN
Hobran 1855.4 w 2413 w 0.45 D 14.5 TN
Alkars 2206.3 MW 2947.6 VW 0.325 D 16.6 TN
Euyun 2159 MW 2900.6 VW 0.331 D 16.4 TN
Orman 2244 H 2997.1 VW 0.252 D 16.6 TN
RCP26 Qanawat 1995 MW 2693.1 w 0.50 MD 14.6 TN
2015-2100 Mafeila 2191.4 MW 2843.7 VW 0.440 D 16.1 TN
Mayamas 1852.6 w 2546.2 w 0.522 MD 14.1 TN
Kafer 1989.5 MW 2694.8 w 0.452 D 14.9 TN
Sahwat Kh 2023.2 MW 2754.2 VW 0.407 D 15.4 TN
Hobran 22422 H 2980.9 VW 0.324 D 16.6 TN
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W-GDD HI HTC CI
Scenario Region
Mean Zone Mean Zone Mean Zone Mean Zone
Alkars 2407.7 H 31422 TH 0.191 ED 15.4 TN
Euyun 2361.4 H 3095.2 TH 0.195 ED 15.1 TN
Orman 2448 H 3191.7 TH 0.142 ED 15.4 TN
RCP45 Qanawat 2166.7 MW 2884.8 VW 0.307 D 13.5 CN
2015-2100 Mafeila 2382.6 H 3036.5 TH 0.278 D 15 TN
Mayamas 2013 MW 2740.6 VW 0.331 D 12.9 CN
Kafer 2163.1 MW 2887.5 VW 0.279 D 13.6 CN
Sahwat Kh 2211.3 MW 2948.3 VW 0.250 D 14.1 TN
Hobran 2434.1 H 3173.2 TH 0.195 ED 15.3 TN
Alkars 2551.5 H 3223.6 TH 0.219 ED 17.8 TN
Euyun 2506.6 H 3181.4 TH 0.223 ED 17.6 TN
Orman 2596.5 H 3284.4 TH 0.162 ED 17.85 TN
RCPS5 Qanawat 2320.7 H 2971.6 VW 0.352 D 15.7 TN
2015-2100 Mafeila 2537.2 H 3123.1 TH 0.318 D 17.3 TN
Mayamas 2168 MW 2823.2 VW 0.365 D 15.4 TN
Kafer 2309.3 H 2964.4 VW 0.3123 D 16.2 TN
Sahwat Kh 2360.3 H 3032.4 TH 0.278 D 16.7 TN
Hobran 2577.6 H 3245.9 TH 0.220 ED 18 WN

4. Discussion

Global warming and climatic change are the most deliberated matters in the last few
decades due to their environmental, biological, and socio-economic consequences [63].
Global warming is likely to have a significant impact on agriculture and crop produc-
tion [64,65], and especially on viticultural production, because grapevines are extremely
vulnerable to climate change and variability [30,32,66-68]. Climate has a significant impact
on agricultural aptitude and grapevine production [2,69,70]. Climate variables (solar radia-
tion, air temperature, relative humidity, and rainfall amounts) that have a greater influence
on grape growing and Vitis vinifera grapevine production, as well as wine grape quality,
have been extensively studied in the case of the grapevine in response to increasing global
warming, and according to some works (e.g., Cardell et al. [71]; Sgubin et al. [72]), tempera-
ture is regarded as the most important climatic variable affecting grapevine growth [73].
Grapevine composition and quality, in particular, are affected by air temperature [74,75], as
well as wine qualities [5,76]; very cold temperatures can cause ripening to be delayed or
even prevented, and can impede the sugar accumulation and anthocyanins formation, re-
sulting in wines with poor alcohol content and poorly developed taste profiles [5,70,77,78].
Too much temperature throughout the season, on the other hand, might cause grapes to
mature early in the growing season, with increased sugar formation but low acidity, result-
ing in an imbalanced wine [79,80]. Moreover, temperature fluctuation effects on vineyards
have been seen to modify the duration of phenological periods and growth seasons, the
timing and severity of diseases, and pests, resulting in effects on the quality and quantity
of grapes produced [2,81-86].

The BVIs provide valuable insights into the suitability of different grape varieties for
specific regions. However, with climate change projections indicating shifts in temperature
and precipitation patterns, it is crucial to examine how these changes might affect viticul-
tural indices in the study area. The changing climate can lead to shifts in climatic zones,
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impacting the suitability of different grape varieties in current regions. The climatic classifi-
cation systems, such as the HI and WI-GDD, and CI use temperature thresholds to define
grape-growing regions. As these temperatures-based indices change, the boundaries of
climatic zones will be changed. For example, cool-climate regions may experience warmer
temperatures, allowing the cultivation of grape varieties that were previously unsuitable
(elevated areas in Jabal Arab). Conversely, some traditional warm-climate regions (Kafer,
Hobran, and Orman) may face a decline in suitability for certain grape varieties due to
increased heat stress. Previous studies have indicated a northward shift in suitable viti-
cultural regions in Europe, and regions such as Germany, England, Poland, and parts of
Scandinavia and some central parts of Europe have seen an expansion in their viticultural
potential due to milder temperatures and longer growing seasons [71,87,88]. In contrast,
the temperatures-based indices such as the WI-GDD show an upward trend under climate
change in many southern European viticulture regions; higher BVIs values indicate an
increase in the heat available for grape ripening and this trend has been observed in regions
such as the Apulia region in Italy [31], Douro Valley in Portugal [28], Lake Neuchatel in
Switzerland [89], and Santorini Island in Greece [32].

Our study suggests that a changing climate can lead to shifts in the BVIs zones in
the study area to being warmer, and will experience an increase in the WI-GDD, HI, TGS,
and CI, potentially leading to alterations in grape variety suitability. For instance, some
traditional grape-growing regions (Kafer, Hobran, Mayamas, and Orman) may become
too hot for certain grape varieties, necessitating the adoption of heat-tolerant cultivars or
the modification of some viticulture practices to mitigate the effects of climate change [90].
Furthermore, the viticultural regions cannot be shifted suddenly because of climatic change
for a variety of socio-economic issues [91-95], such as long-dated reestablishment times,
market accessibility, labor availability, and others. As a result, the importance of coping
with climate change in viticulture is founded on three critical factors: (1) the grapevines
are planted for several decades, and new plantations may take 15-30 years to yield full
outputs; thus, the cultivars chosen should be adapted to rising temperatures and decreasing
precipitation; (2) regulations on production practices and varieties adapt slowly; and (3) the
properties of its final product are not only the outcome of “terroir”, which describes the re-
lationship between vineyards, pedology, the cultivation process, and climatic variables, but
also an expression of cultural and socio-economic parameters [96,97]. Although viticultural
can adapt to the short- to medium-term effects of climate change, genetic enhancement
is required to give long-term sustainable solutions to these issues [98,99]. As a result,
the shifting of high-quality varieties to suitable areas for their cultivation (i.e., by their
shifting to higher elevations, more than 1400 m) is possible in the future (see recommended
grapevine cultivars in Table 6 under RCP2.6).

Table 6. Recommended grapevine cultivars based on climate-maturity zoning under baseline climate
and scenario of sustainable development (RCP2.6) for major viticultural regions in the study area
according to Jones’ classification [59].

Baseline gnd Region TGS (°O) Recommended Grapevine Cultivars Based on
Scenario Range Zone Climate-Maturity Zoning
Alkars 17.6-18.6 \ Cabernet Franc, Tempranillo, Dolcetto, Merlot, Viognier
Euyun 17.8-18.4 W Syrah, and Table grapes
Mayamas 15.4-17 T Pinot Noir, Chardonay, Sauvignon Blanc, and Semillon
Qanawat 14.9-19.8 T-W
Baseline -
1982-2014 Mafeila 16.2-19 W Chardonnay, Sauvignon Blanc, Semillon, Cabernet Franc,
Kafer 16.2-18.4 T-W Tempranillo, Dolcetto, and Merlot
Sahwat Kh 15.7-18 -W
Orman 17.7-19.5 W-H Cabernet Franc, Tempranillo, Dolcetto, Merlot, Viognier,

Syrah, Cabernet Sauvignon, Sangiovese, Grenache

Hobran 17.8-19.7 W-H Carignane, and Table grapes,
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Baseline gnd Region TGS O Recommended Grapevine Cultivars Based on
Scenario Range Zone Climate-Maturity Zoning
Alkars 19.6-20.6 H
Euyun 19.8-20.4 H Table grapes, Grenache, Carignane, Zinfandel, Nebbiolo,
Orman 19.7-21.5 H and Raisins
Hobran 19.8-21.6 H
RCP26 - .
2015-2100 Mavamas 17.4-19 w Cabernet Franc, Tempranillo, Dolcetto, Merlot, Viognier
4 ' Syrah, and Table grapes
Mafeila 18.1-21.9 W-H
Kafer 18.1-20.3 W-H Cabernet Franc, Tempranillo, Dolcetto, Merlot, Viognier
Syrah, Table grapes, Cabernet Sauvignon
Sahwat Kh 17.7-20.1 W-H Sangiovese, Grenache, Carignane, and Table grapes
Qanawat 16.9 -21.8 W-H

5. Conclusions

The objective of this research was to evaluate the climatic zones for viticulture in
the Jabal Arab region located in the Eastern Mediterranean. The study employed the RK
method along with five bioclimatic indices. Historical and future time-series data until
the end of the 21st century were analyzed. The findings indicated a rise in temperature
as a result of climate change, which was already evident when comparing the historical
periods of 1984-2014. This temperature increase is projected to continue in future scenarios,
with varying values ranging from 0.8 °C to 4.1 °C depending on the considered RCPs. The
bioclimatic indices used in this study revealed that under the milder and more reliable
RCP2.6 scenario, there will still be opportunities for cultivating quality vineyards, even in
smaller elevated areas than the current cultivated ones. However, the RCP8.5 and RCP4.5
scenarios indicated increasing trends of BVIs by the end of the century in the Jabal Arab
region. These results emphasize the importance of territories such as Jabal Arab, which
have a historical suitability for viticulture, to make prompt decisions to address climate
change. This can be achieved by adjusting technical and agronomical practices to maintain
competitiveness in the global grape market, especially considering the emergence of new
players from regions where vineyard relocation has already begun.

It should be noted that these results do not necessarily imply a significant decline
in viticulture suitability in the study area in the medium and long-term future scenar-
ios, as adaptive strategies can be implemented, which are already being undertaken by
grapevine growers in the region. In light of this, several actions can be recommended to
preserve the typicity of high-quality varieties in the region, based on current knowledge
and previous studies conducted in the area, such as Alsafadi et al. [100]. Key strategies
include clonal selection, appropriate rootstocks, and the cultivation of late-ripening local
or carefully selected non-local varieties to delay phenology stages. Training systems and
late pruning can also be beneficial in delaying phenology and reducing water deficit. It
is crucial to carefully assess the necessity of irrigation considering its economic, environ-
mental, and social implications. Additionally, increasing the soil’s water-holding capacity,
selecting drought-resistant rootstocks, and implementing genetic enhancement is essential
for achieving long-term sustainability.
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