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Abstract: One of the main crops cultivated in Greece is the olive tree. In recent years, olives around
the Mediterranean Basin and especially in Greece have been facing increasingly high temperatures
and are more often exposed to water deficits, inducing severe abiotic stress, thus affecting plant
physiology and productivity. Future projections point to a general increase in temperature of up to
2 ◦C. Precipitation is projected to decrease in northwestern Halkidiki, leading to enhanced water
needs and resulting in a possible decrease in yield. The increase in temperature, especially in the
winter season, seems to impact flowering buds. The small number of days with low temperatures
resulting in reduced flowering during spring will decrease the quantity and quality of olives and oil.
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1. Introduction

Agriculture is extremely sensitive to climate variability. Increases in temperature
reduce yields and encourage pest proliferation, while decreases in precipitation patterns
increase the likelihood of long-run production declines. Globally, olive cultivation is
approximately limited between 30◦ to 45◦ parallels [1]. According to Pliny the Elder [2],
Theophrastus defined the geographical boundaries of olive cultivation as a distance of no
more than 300 stadia (53 km) from the Mediterranean coast, and Fabianus stated that the
olive tree cannot grow in either very cold or very hot climates. Temperature is one of the
main factors affecting olives’ phenological stages, controlling the emergence of the spring
bud. Certain chilling unit requirements are essential to induce flower bud differentiation
and flowering [3], and they can explain the low rates of flowering in warm winter areas.
Another important climate parameter is precipitation. About 90 percent of the olives in
the Mediterranean Basin are grown mainly in dry and hot regions [4,5]. Although olives
are drought-tolerant trees, their spread is limited in climatic zones where annual rainfall is
lower than 350 mm [6].

Recent studies show that olive trees can be significantly affected by climate change [7].
The projected increase in temperatures may increase the length of the growing season [8]
resulting in changes in phenological stages, such as flowering [9,10]. Apart from the increase
in temperature, the availability of water is also a critical point for olive production [11].
Fraga et al. [12], in a relevant study on the Portuguese region, demonstrated that changes
in rainfall and evapotranspiration could lead to a general decline in olive tree yields by
2080. The present study aims to analyze the impacts of climate change on the olive tree of
Chalkidiki, one of the most important olive cultivation regions in Greece.
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2. Data and Methodology

Climate data of maximum and minimum temperature (◦C), precipitation (mm), wind
speed (m/sec), relative humidity (%), and solar radiation (W m−2) were obtained from
the Copernicus database (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
era5-land?tab=overview, accessed on 15 January 2023). Re-analysis data from the ERA5
land and regional climate model data RCA4 from the Swedish Meteorological and Hydro-
logical Institute (SMHI) were used. The climate data cover the reference period from 1981
to 2020 and two future time periods: 2031–2050 and 2051–2070 and cover the region of
Halkidiki. The spatial resolution of ERA5 land is 0.1◦, and of SMHI data, it is 0.11◦ (12 km).

The main methodological steps include (a) the calculation of reference evapotran-
spiration (eTo); (b) the estimation of crop evapotranspiration (eTc) and net irrigation
requirements for different irrigation scenarios; and (c) the estimation of chilling units.

Many methods for calculating evapotranspiration, using meteorological data, have
been developed over the last 50 years by many experts and scientists around the world. The
FAO Penman–Monteith method is maintained as the only standard method for calculating
evapotranspiration of reference culture (eTo) from meteorological data and is described by
the equation below (1):

ETo =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆+ γ(1 + 0.34u2)
(1)

The model for calculating cold units used in this study is the Chandler model of
chilling hours [13,14], which sums up all hours with temperatures between 0 and 7.2 ◦C.

3. Results
3.1. Climatic Characteristics of Halkidiki

The mean monthly and annual temperatures for all grids as well as for their ensemble
were calculated to study the intra-annual variability of temperature parameters in the
region of Halkidiki. Noticeable is the increased trend of annual temperature (Figure 1)
according to ERA5 land data; temperatures at the beginning of the period are close to
15 ◦C, and at the end of the study period, they are close to 16 ◦C. Table 1 presents the
mean monthly temperature for the ensemble grid of Halkidiki for the reference period
(1981–2000) based on the ERA5 re-analysis as well as the RCA4 (from SMHI) RCM and the
two future periods according to the two climatic scenarios based on RCA4 RCM. The mean
annual temperature for the ensemble grid of Halkidiki is projected to increase by almost
1.5 ◦C according to the RCP4.5 scenario and 2.5 ◦C according to the RCP8.5 scenario by
the end of the study period. The spatial analysis of the differences in annual temperature
between the reference period and the two future periods (not shown) shows that for the
RCP4.5 scenario, there will be a more uniform temperature increase in all areas of Halkidiki
of 1.5 ◦C to 2.0 ◦C.

The annual rainfall variability for the region of Halkidiki presents a slightly increasing
trend which is not statistically significant. Figure 2 shows that September has seen a signifi-
cant increase in rainfall over the last twenty years, and October is the month with the most
intense extreme rainfall, resulting in an overall increase in rainfall in the autumn season.
From the results of the regional climate model, the mean annual rainfall for the period 1981–
2000 for the Halkidiki ensemble grid of 587 mm is projected to decrease by almost 90 mm
in the next decade (2031–2050) but then stabilize close to the average rainfall according to
the RCP 4.5 scenario. Conversely, under RCP8.5, the annual rainfall of Halkidiki seems to
show a decrease ranging from 5% to 15% depending on the future decade.

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview
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Table 1. Mean monthly and annual temperatures for the reference period (1981–2000) and the two
future sub-periods for the climate scenarios RCP4.5 and RCP8.5.

ERA5 Land
1981–2000

Ref Period
1981–2000

RCP4.5
2031–2050

RCP4.5
2051–2070

RCP8.5
2031–2050

RCP8.5
2051–2070

Jan 6.0 5.5 7.0 6.8 6.0 7.9
Feb 6.9 6.0 7.5 6.8 6.8 8.1
Mar 9.4 8.7 9.9 10.1 9.7 10.5
Apr 13.8 11.9 13.5 13.4 13.6 14.6
May 18.6 16.5 18.1 18.5 18.8 19.7
Jun 23.1 21.8 24.1 24.3 24.3 25.5
Jul 25.5 25.3 27.3 27.5 27.3 28.3

Aug 25.2 24.8 26.2 27.0 26.6 27.6
Sep 21.6 20.4 21.6 21.6 22.1 22.8
Oct 16.6 14.9 16.0 16.5 16.8 17.3
Nov 11.1 9.8 11.1 11.4 10.7 12.4
Dec 7.5 7.0 7.8 8.4 6.6 8.0
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3.2. Bioclimatic Characteristics of Olive in Halkidiki

The spatial distribution of monthly evapotranspiration (ET) is shown in Figure 3 for
the reference period and the two future periods (2031–2050 and 2051–2070). By the end
of the study period, evapotranspiration appears to increase at a different rate depending
on the month and climate. Indicatively, according to RCP8.5, for the month of May,
evapotranspiration will show an average increase of 40% in almost the entire region of
Halkidiki (Figure 3). For the summer months, the increase will be in the order of 20% except
for the three peninsulas where it will be slightly smaller.

Figure 3. Spatial distribution of ET from May to August for the reference period 1981–2000 (first
column) and the two future periods 2031–2050 (second column) and 2051–2070 (third column)
according to the RCP8.5 scenario.

The spatial distribution of irrigation needs for olive trees in the region of Halkidiki is
presented in Figure 4 for the reference period and future periods. The greatest water needs
are observed in the south–southwestern regions of Halkidiki, which are characterized as
dry regions. In these areas, olive groves require a very large amount of water, which may
not be available in the future. Water needs for olive cultivation are expected to increase
by 2070 everywhere in Halkidiki. According to RCP8.5, a total increase of 150–250 mm
of approximately 25–35% is estimated throughout the region of Halkidiki, depending on
the future decade. It is important to mention that there will also be a need for irrigation
in areas where in the reference period they had relative adequacy. The north-central part
of Halkidiki shows the largest increase in water needs (up to 200 mm), while in southern
Halkidiki, water requirements will increase up to 100–150 mm per season. A similar
increase in water requirements for the crop is expected with the RPC4.5 scenario.

A decrease in chilling units is projected in future decades (Figure 4) throughout the
region of Halkidiki suitable for olive cultivation due to the projected temperature increase.
The chilling units estimated by the Chandler model for the ensemble grid of Halkidiki
reach almost 1200 units (Figure 4) on average. In Halkidiki, the flowering of olives is
recorded between April and May. The olive flowering dates are very close to dates reported
in previous studies for different regions in the Mediterranean [15]. In winter, olive trees
require special chilling units to interrupt bud lethargy [7]. This time period during which
the chilling units are met is known as endodormancy. For the future decades, it is clear that
due to the increase in the minimum temperature for the majority of years, olive trees will
not meet the necessary chilling units to stop the lethargy of the olive blossom buds.
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4. Conclusions

The aim of the present study was to analyze the impact of climate change on olive
cultivation in the region of Halkidiki. The data used in this research are the climate data of
the regional climate model, SMHI for both climate scenarios, the optimistic RCP4.5 and the
pessimistic RCP8.5, as well as ERA5 land data for the historical period of 1981–2000. Some
of the most important findings emerging from this study are that according to ERA5 land
data, the average air temperature over Halkidiki shows an increase of 1.0 ◦C during the
reference period 1981–2000.

There is an increase in average temperature of 1.5–2 ◦C according to the RCP 4.5 climate
scenario. The corresponding increase for the RCP 8.5 climate scenario is around 3 ◦C.

There is a reduction in the rainfall regime in the region of Halkidiki, with most
continental areas undergoing the greatest changes.

The main areas of olive cultivation are located in the driest areas of Halkidiki with
high demands for irrigation. The deficit of available irrigation water will become more
intense in the coming decades.

In the winter season, the minimum temperature will increase, resulting in the inability
to accumulate the appropriate chilling units for achieving satisfactory levels of vernalization
and flowering of the olive tree.

For the future period of 2031–2070, non-irrigated olive crops cannot be maintained in the
Halkidiki region in terms of economic sustainability. We conclude that climate change may
negatively impact the viability of olive groves in Halkidiki. Thus, adequate and timely planning
of suitable adaptation measures is needed to ensure the sustainability of the olive sector.
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