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Soil carbon emissions from maize under 
different fertilization methods in an extremely 
dry summer in Italy

Emissioni di carbonio dal suolo in una coltivazione di mais da 
insilato in condizioni di estrema siccità estiva in Italia

Leonardo Verdi*, Marco Mancini, Marco Napoli, Roberto Vivoli, 
Andrea Pardini, Simone Orlandini, Anna Dalla Marta

Department of Agriculture, Food, Environment and Forestry (DAGRI) - University of 
Florence, Italy
*Corresponding author e-mail: leonardo.verdi@unifi.it

Abstract. During the last decades, climate change and variability are increasingly and 
negatively affecting agriculture. To ensure satisfactory and stable food production, agri-
culture is intensifying the adoption of external input with environmental consequenc-
es such as the emission of greenhouse gases. In this experiment, we monitored CO2 
and CH4 emission dynamics from cultivation of maize for silage grown under differ-
ent fertilization treatments: (i) liquid fraction of digestate from pig slurries, (ii) urea, 
and (iii) no fertilization (control), in an extremely dry summer in Central Italy. Results 
show that the use of the liquid-organic fertilizer (digestate) significantly increased CO2 
emissions from soil (685.29 kg-C ha-1) compared to the conventional fertilizer (urea) 
(391.60 kg-C ha-1). However, CH4 emissions were comparable between the two ferti-
lizers and almost negligible compared to those of CO2. In both treatments CH4 emis-
sions were enhanced by the only precipitation event, coupled with an increase of air 
temperature. Effectiveness of tested fertilizers was assessed through a yield analysis, 
and proved that digestate may represent a viable alternative to urea (6.97 and 6.48 t 
ha-1). Nevertheless, considering CO2 emissions from digestate and the numerous passes 
in field needed for its spreading, the use of this fertilizer in extreme dry conditions 
requires specific considerations.

Keywords. Carbon dioxide, Methane, Maize, Digestate, Drought.

Abstract. Il recente sviluppo del fenomeno dei cambiamenti climatici ha negativa-
mente influenzato numerosi settori produttivi tra i quali quello agricolo. Per assicu-
rare una produzione alimentare soddisfacente a livello globale, l’agricoltura ha dovuto 
incrementare il ricorso ad input esterni di sintesi con notevoli risvolti negativi a livello 
ambientale, come l’aumento delle emissioni di gas serra. In questo studio sono state 
monitorate le emissioni di CO2 e CH4 dal suolo in una coltivazione di mais da insila-
to con differenti strategie di concimazione: (i) frazione liquida del digestato da reflui 
suini, (ii) urea e (iii) un controllo non concimato, durante una stagione estiva (2017) 
estremamente siccitosa nell’Italia Centrale. Dall’analisi dei risultati è possibile affermare 
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che l’utilizzo di un concime liquido-organico (digestato) determina un aumento significativo delle emissioni di CO2 (685.29 kg-C 
ha-1) rispetto all’urea (391.60 kg-C ha-1). Al contrario, le emissioni di CH4 sono risultate confrontabili fra i due trattamenti con 
produzioni trascurabili rispetto alla CO2. In entrambi i trattamenti le emissioni di CH4 sono state favorite dall’unico evento piovo-
so, seguito da un aumento delle temperature. L’efficacia dei due concimi è stata valutata attraverso l’analisi delle rese in termini di 
insilato di mais confermando che l’utilizzo del digestato rappresenta un’interessante alternativa all’urea (6.97 e 6.48 t ha-1, rispettiva-
mente). Tuttavia, alla luce dei livelli di emissioni di CO2 e dai numerosi passaggi in campo che si richiedono in fase di distribuzione, 
l’utilizzo del digestato, in condizioni di estrema siccità, richiede specifiche considerazioni.

Parole chiave. Anidride carbonica, Metano, Mais, Digestato, Siccità.

1. INTRODUCTION

Climate change and extreme weather conditions 
are among the most important threats affecting crop 
production and management in agriculture (Gobin 
et al., 2013). Extreme climatic phenomena, especially 
drought, determine fluctuations in crop production and 
affect the economic stability of farmers. In particular, as 
affirmed by Li et al. (2009), since 1960s the areas affect-
ed by drought, based on Palmer Drought Severity Index 
(PDSI) (Palmer, 1965), increased approximately from 
5-10% to 15-25%. Comparisons between climate model 
simulations and observed data suggest that anthropo-
genic greenhouse gases emissions (GHGs) are the main 
driver of such trend (Burke et al., 2006; IPCC, 2007; 
Gornall et al., 2010). The combination of prolonged 
high temperature and absence of rainfall has a relevant 
impact on agricultural systems from different points of 
view, including soil microbiological activity, water avail-
ability, crop growth and yields. In particular, prolonged 
drought spells negatively affect soil microbial commu-
nity that may reduce or, in extreme cases even dramati-
cally compromise, the biological activity with a strong 
reduction of their metabolisms. Moreover, the effect of 
drought on activity of soil microorganisms results in an 
alteration of gas exchanges, such as CO2 and CH4, in the 
soil-atmosphere system following the modification of 
carbon (C) and nitrogen (N) availability in the soil (For-
ster et al., 2007; Davidson et al., 2008). As affirmed by 
Muñoz et al. (2010), Krištof et al. (2014), Lu et al. (2015) 
and Rutkowska et al. (2018) the reduction of CO2 emis-
sions by changes in agricultural practices is still small. 
This is mainly due to the complex interactions of factors 
affecting C emissions from soil, including agronomic 
practices, meteorological conditions and microbiological 
activity. However, technologies for their reduction are 
continuously under development.

One opportunity to reduce the environmental 
impact of human activities, including agriculture, is 
represented by the production of renewable energies. In 
this regard, biogas is one of the most interesting strat-

egy (Alburquerque et al., 2012) for reducing the negative 
environmental impact of current agricultural practices, 
and also represents an additional source of income for 
farmers (Carrosio, 2013).

Furthermore, digestate, which is a by-product of 
biogas production, represents an interesting alterna-
tive N source for crops. Although the production pro-
cess ensures a lower environmental impacts of digestate 
compared to synthetic fertilizers, uncertainties remain 
regarding the direct emissions from its use in the field 
(Ahlgren et al., 2010; Hasler et al., 2015). Digestate has 
high level of macro and micro nutrients easily available 
for plants and, as an organic fertilizer, it stimulates soil 
microbial activities and emission dynamics from the 
soil. However, depending on the agricultural manage-
ment, nutrients can be made available for the crops or 
lost through leaching or volatilization (Alburquerque et 
al., 2012; Pezzolla et al., 2012; Nkoa, 2014; Maucieri et 
al., 2016). Therefore, beside the nutritional requirements 
of the crop, the environment conditions must be consid-
ered. Climate plays a key role affecting numerous soil 
dynamics such as water content, temperature, organic 
matter mineralization rate, root systems and soil micro-
bial community development. The fluctuations in cli-
mate with extreme phenomena, such as drought or heat 
waves, may produce different effects based on location 
and agricultural systems. After a long dry period, gas 
exchanges between soil and atmosphere are extremely 
reduced by substantial modification of soil water content 
and soil aeration (Davidson et al., 2008). In this sense, a 
reduced thickness in soil water films may reduce the dif-
fusion of roots exudates with a net reduction of available 
soluble organic-C substrates for crops (Davidson and 
Janssens, 2006). However, in specific areas such as the 
Mediterranean and Southern Europe, a rewetting after 
drought through precipitation or irrigation, promotes an 
intense pulse of C emission flux from soil (Birch, 1964; 
Jarvis et al., 2007; Unger et al., 2010). Thereafter, organ-
ic matter decomposition, mineralization and release of 
inorganic N, CO2 and CH4 suddenly occurs. If in water-
saturated soils the organic matter may accumulate pro-
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ducing layers of peat, in severe dry conditions an addi-
tion of organic fertilizers may produce an intense CO2 
flux from soil as consequence of microbial community 
stimulation (Luo et al., 2001; Francaviglia et al., 2018). 
For these reasons, the assessment of relations between 
drought and C emissions represents a key factor for 
future agricultural sector evolutions in dry climates.

The aim of this research was to evaluate CO2 and 
CH4 emission dynamics from the soil in the short peri-
od immediately after fertilization. Experimentation was 
carried out on a cultivation of maize for silage under 
different fertilization treatments: (i) liquid fraction of 
digestate from pig slurries, (ii) urea, and (iii) no fertili-
zation (control), in an extreme dry summer in Central 
Italy.

2. MATERIALS AND METHODS

An experiment was conducted in Florence (Tuscany), 
Central Italy (43°47’02.3”N, 11°13’13.4”E). Twelve tanks of 
1 m3 each, equipped with a leachate collecting system to 
control eventual nutrient losses, were positioned in two 
rows on a supporting structure made by reinforced con-
crete poles and soil. Under the tanks a plastic mulching 
film was placed to reduce weed development and to favor 
measuring and management operations. The tanks were 
filled with soil from the experimental site of CREA-ABP 
located in Scarperia, Florence (43°58’56” N, 11°20’53” 
E). A silty-clay soil was used and soil layers (0 to 30; 30 
to 60; 60 to 90 cm of depth) were kept divided to repro-
duce as much as possible the natural soil profile. Maize 
for silage (var. Ronaldinio) was planted on 20th June 2017 
with a density of 12.000 plants/ha (13 seeds per tank). 
Fertilization treatments were (i) liquid fraction of diges-
tate from pig slurries (DIG); (ii) urea (URE); (iii) no fer-
tilization as control (CON), organized in a randomized 
block design, including four replicates for each treatment. 
All field operations were performed by hand replacing 
mechanical ones in field. Digestate was obtained from 
the biogas plant of “Marchesi de’ Frescobaldi, Tenuta di 
Corte” farm (43°58’29” N, 11°23’21” E) from a mesophilic 
fermentation process of pig slurries and different kinds 
of agricultural by-products such as straw, olive cake and 
sorghum silage. Solid and liquid fractions of digestate 
were manually separated. Topdressing fertilization at a 
rate of 150 kg N ha-1, was performed at the beginning of 
the growth stage (27 days after sowing). Based on meth-
ods adopted by local farmers, digestate was injected at 
a depth of 20 cm while urea was spread on soil surface. 
The N content of digestate was determined by a Kjeldhal 
analysis, and NH4

+ and NO3
- were determined using the 

method described in “Regione Piemonte Metodi di ana-
lisi del Compost Met. C.7.3 and EPA 9056A 2007”. Based 
on fertilizers characteristics (Tab. 1), the organic C sup-
plied was 1420.06 kg/ha and 65.22 kg/ha for DIG and 
URE, respectively, through the application of 150 kg N/
ha of each fertilizer. GHGs emissions were monitored 
using a static chamber method and the portable gas ana-
lyzer XCGM 400 (Madur Sensonic). Twelve static cham-
bers, one per each tank, were constructed as described 
by Verdi et al. (2019) following USDA-ARS GRACEnet 
Project Protocols (Parkin and Venterea, 2010). Chambers 
were made by two parts: an anchor system and the lid. 
The anchor system was made by a PVC cylinder of 20 
cm diameter to be inserted into the soil for approximate-
ly 15 cm. The anchor ensures the support for the lid of 
the chamber during samplings. For the lid of the cham-
ber a PVC cylinder of 20 cm diameter and 15 cm height, 
and a PVC stopper sealed with silicon glue were used. 
The chamber was completely covered by reflective Mylar 
tape to reduce the influence of solar radiation. Moreover, 
on the top of the chamber a hole (13.2 mm) was drilled 
approximately halfway between the center of the circle 
and the outside edge. A butyl rubber septum of 20 mm 
of diameter was fixed into the hole to allow sampling 
operations. To connect the chamber lid to the anchor 
system, a strip of tire tube was used (7 cm). Strip was 
put around the lid and fixed with silicon glue. Exceed-
ing part of the strip (approximately 5 cm) was kept 
folded back on the lid of the chamber and then folded 
down to connect the lid to the anchor during sampling. 
The anchor system was placed into the soil immediately 
after sowing between plant rows to reduce roots distur-
bance. It was removed only during fertilization (digestate 
injection) and then reinstalled immediately at the same 
location. Temperature was monitored by two thermo-
couples placed in each chamber. In addition, an auto-
matic meteorological station located 20 m away from the 
experimental field was used to monitor air temperature, 
atmospheric pressure and precipitations. The XCGM 400 
Madur Sensonic gas analyzer uses nondispersive infrared 
(NDIR) sensors for the analysis of CO2 and CH4 concen-
trations in the air sample. Emission measurements last-
ed for three consecutive weeks after fertilization. Sam-
plings were performed (daily in the first week and twice 
a week during the second and the third) by holding the 
sensor inside the chamber for 1 minute after chamber 
closing (T1) and then repeating the procedure at 1 hour 
interval (T2) from T1. Interpolation was used to obtain 
missing data from the days were measurements were not 
performed (eg. the weekend). Gas fluxes were calculated 
starting from the gas concentration into the chamber 
(ppm) (the difference between T2 – T1), chamber dimen-



6 Leonardo Verdi, Marco Mancini, Marco Napoli, Simone Orlandini, Anna Dalla Marta

sions (area and volume), closing time and molecular 
weight of each gas. Through this calculation, it was pos-
sible to quantify C losses as kg of C emitted per hectare. 
As temperature had a similar trend inside each chamber 
(data not shown), the whole experiment was assumed to 
be at standard temperature and pressure (STP) condi-
tions and the molar volume of the air was assumed as 
22.4 liters. Parametric and non-parametric statistical 
tests were used to analyze C emissions data.

Tab. 1. Elemental characterization of fertilizers.
Tab. 1. Caratterizzazione elementare dei fertilizzanti.

Urea Digestate

Organic C % 20 3.02
Total N % 46 0.319
N-NH4

+ % - 0.284
N-NO3

- % - 0.035
Total P % - 1.84
Total K % - 6.94

3. RESULTS AND DISCUSSION

3.1 Carbon dioxide emissions

Soil under DIG treatment emitted roughly twice 
CO2 than URE (685.29 and 391.60 kg C-CO2 ha-1 17 
days-1, respectively). Treatments comparison was per-
formed with both a parametric (Bonferroni test) and a 
non-parametric (Kruskal-Wallis test) analysis (Bonferro-
ni, 1936; Kruskal and Wallis, 1952). Both tests confirmed 
that DIG produced higher CO2 emissions than URE. 
In addition, no significant differences were observed 
between URE and CON, confirming the low contribu-
tion of URE to soil CO2 emissions compared to DIG. 
Highest emissions from soil mainly occurred during 
the first days after fertilization until the end of the first 

week. In particular, we observed that immediately after 
fertilization (AF) (24 hours) CO2 emissions from DIG 
were eight times higher than those from URE (Fig. 1). 
This result is in accordance to Maucieri et al. (2016) that 
observed the highest soil CO2 emissions during the first 
24 hours after digestate spreading. 

From the second day AF, differences among treat-
ments were strongly reduced, and from the second week 
until the end of the experiment significant differences 
were no longer observed (Fig. 1). Nevertheless, it should 
be noticed that from day 3 to 5 AF average daily tem-
perature increased by 2 °C and CO2 emissions from soil 
increased also (Fig. 1 and Fig. 2). This phenomenon was 
defined by Luo et al. (2001) as “acclimatization” of soil 
respiration to warming, that represents a proper modi-
fication on microorganism’s population to altered envi-
ronmental conditions. In addition, the similarity of soil 
CO2 emission trends between DIG and URE from day 2 
AF until the end of the experiment suggests that after a 
short period (24-48h) urea decomposition occurred and 
soil microbial community increased its metabolic activ-
ity (Black et al., 1987). As described by Xu et al. (1993) 
a positive correlation exists between the rate of urea 
hydrolysis and temperature. This is in accordance to 
our observations where soil CO2 emission peaks were 
observed at days 2 and 5 AF when the highest air tem-
perature of the first week was registered (Fig. 2).

Our observations are also in accordance to Johansen 
et al. (2013) and Verdi et al. (2018), affirming that the 
use of fertilizers with high organic C content strongly 
encourages a fast-growing soil microbial community 
with an intense oxygen demand to support microbial 
metabolisms (Parkin, 1987; Petersen et al., 1996) and a 
consequent increase in soil CO2 emissions. The high 
water content of digestate ensured its homogenous infil-
tration into the soil, thus increasing the availability of C 
for microorganisms. This contributed to CO2 flux imme-
diately after fertilization. Similar experiments performed 
in open fields in non-drought conditions and in soil 
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Fig. 1. CO2 (a) and CH4 (b) emission trends of digestate (DIG), urea (URE) and control (CON) treatments.
Fig. 1. Andamento delle emissioni di CO2 (a) e CH4 (b) da digestato (DIG), urea (URE) e controllo (CON).
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columns at field capacity (Sänger et al., 2011; Severin et 
al., 2015; Luoro et al., 2016;), found 25 to 50% more soil 
CO2 emissions than our study. This confirms that envi-
ronmental conditions, more specifically drought, highly 
affect C emission dynamics. However, the emissions 
peak observed in the first 24-48 hours AF is confirmed 
by literature (Severin et al., 2015; Askri et al., 2016).

Despite higher soil C emissions compared to URE, 
DIG showed better performances in terms of fertiliza-
tion potential by increasing soil organic matter (SOM). 
In fact, 1420.06 kg of organic C per hectare were spread 
with DIG in front of 690.65 kg C/ha (corresponding to 
about 48.6% of the distributed organic C) lost through 
emissions (CO2+CH4, Tab.2). On the contrary, URE 
provided only 65.22 kg of organic C/ha against 394.86 
kg C/ha (CO2+CH4, Tab.2) lost as emissions. Probably, 
URE stimulated the soil microbial activity determining 
an increase in soil C emissions 6.05 times higher than 
the provided organic C. This corresponds to a deple-
tion of soil organic carbon of about 329.64 kg/ha. This 
fact indicates that the use of organic fertilizers, such as 
DIG, contributes to an increase or at least maintenance 
of SOM.

3.2. Methane emissions

No significant differences in CH4 emissions from 
soil were observed between treatments (Tab. 2). At day 
1 AF, CH4 emissions from DIG were significantly higher 

(p=0.001) compared to URE and CON also due to the 
intrinsic content of methanogenic bacteria of DIG. How-
ever, from day 2 AF the amount of C emitted as CH4 
from soil treated with DIG quickly decreased (Fig. 1) 
probably due to the fast proliferation of soil bacteria that 
consumed the available soil organic C for their metabo-
lisms (Bernet et al., 2000; Norberg et al., 2016; Verdi et 
al., 2018). Apparently, methanogenic population of DIG 
was negatively affected by the extreme dry conditions 
occurred during the experimentation. During the last 
days AF (days 12-17) soil CH4 emissions increased in 
all treatments (including CON). This fact was observed, 
and is in accordance to Le Mer and Roger (2001), in cor-
respondence to the warmest period of the experiment 
that followed the only rainy event (5.6 mm) (Fig. 2). The 
combined effect of increasing soil water content and 
atmospheric temperature encouraged soil CH4 emissions 
in the last day of measurements.

3.3. Yields

Performances of the tested treatments (DIG, URE 
and CON) were analyzed in terms of final yields (Tab. 
3). A preliminary ANOVA analysis was performed, fol-
lowed by Bonferroni and Kruskal-Wallis tests. Both tests 
proved the effectiveness of DIG as fertilizer that pro-
vided yields comparable to those obtained under URE 
treatment (6.97 t ha-1 and 6.48 t ha-1, respectively). As 
observed by Lotter et al. (2003), the use of organic fer-

Fig. 2. Average air temperature and precipitation during the experiment (measurement period is indicated by the box).
Fig. 2. Andamento della temperatura media dell’aria e delle precipitazioni (nel riquadro è evidenziato il periodo di monitoraggio delle emis-
sioni).
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tilizers on maize ensures higher or similar yields com-
pared to urea. This is due to the improvement of soil’s 
water-holding capacity, infiltration rate and water cap-
ture efficiency of soils treated with organic fertilizers 
that allow to maintain more available water into the 
crop root zone. Furthermore, as observed by Alburquer-
que et al. (2012), DIG provides similar yields than urea 
due to the significant amount of ammonium N that is 
rapidly nitrified, becoming available for crops. During 
the experiment, characterized by extremely dry (5.6 mm 
of cumulated precipitation) and warm (average tempera-
ture of 26.55 °C) conditions, these two effects of DIG 
were particularly evident: on one hand, more available 
water was retained in the root zone, and on the oth-
er the absence of rainfall reduced the risk of N-based 
compounds leaching which were therefore available for 
crops. Nevertheless, yields obtained from this experi-
ment were affected by drought conditions showing a 

strong reduction compared to national average data in 
well irrigated and fertilized systems (Borrelli et al., 2014).

4. CONCLUSIONS

Based on the obtained results, we can conclude 
that C emissions from cultivated soil depend not only 
on the fertilizer but also on the environmental condi-
tions. In particular, the increased CO2 emissions from 
soil observed in DIG, compared to URE, were princi-
pally due to the combined effect of the high temperatures 
and drought that occurred during the experimentation, 
and the high water content of DIG. These two factors 
encouraged soil bacteria proliferation with a consequent 
increase in soil respiration. This is in accordance to Sain-
ju et al. (2008) that observed an increase of 13% of soil 
CO2 emissions from irrigated maize fields, compared 
to rainfed conditions. However, the same conditions 
blocked methanogenic bacteria proliferation with a sen-
sible reduction of CH4 production in all treatments. From 
a productive point of view, our analysis confirmed that 
DIG may represent an effective alternative to URE for 
maize, as similar yields were obtained. In addition, con-
sidering that digestate is a by-product of biogas, its pro-
duction has a better environmental performance com-
pared urea. Zegada-Lizarazu et al. (2010) reported that 
to produce 1 kg of urea 76-78 MJ of energy are needed, 
with consequent emissions from the system. Neverthe-
less, the use of DIG in dry summer conditions may rep-
resent a critical factor due to its higher impacts on CO2 
emissions. This aspect should be carefully considered 
especially under the view of global warming trends. 
In addition, due to its low N content, a large amount of 
DIG is required to satisfy the nutrient demand of crops, 
involving an intensive and repeated use of fossil fuel-
based machinery for fertilization field operations. Thus, 
further experiments focused on full life cycle analysis are 
suggested for a more in-depth understanding of environ-
mental impacts from DIG and URE.
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Tab. 2. Measured soil CO2 and CH4 emissions from digestate 
(DIG), urea (URE) and control (CON).
Tab. 2. Emissioni cumulate di CO2 e CH4 da digestato (DIG), urea 
(URE) e controllo (CON).

CO2 (kg C ha-1 17 days-1) CH4 (kg C ha-1 17 days-1)

DIG 685.29 (± 75.49)a 5.36 (± 1.61) c

URE 391.60 (± 79.26)b 3.26 (± 1.02) c

CON 286.79 (± 32.64)b 3.69 (± 0.52) c

Standard deviations of the four replicates per each treatment are in 
brackets.
Values marked with the same letter do not differ significantly.
Deviazione standard delle quattro repliche per ogni trattamento è 
indicata tra parentesi.
I valori contraddistinti dalla stessa lettera non evidenziano differ-
enze significative.

Tab. 3. Silage maize yields in digestate (DIG), urea (URE) and con-
trol (CON), DM= dry matter.
Tab. 3. Produzione di insilato di mais da digestato (DIG), urea 
(URE) e controllo (CON).

Yields (t DM ha-1)

DIG 6.97 (± 0.56)a

URE 6.48 (± 0.85)a

CON 4.49 (± 0.25)b

Standard deviations of the four replicates per each treatment are in 
brackets.
Values marked with the same letter do not differ significantly.
Deviazione standard delle quattro repliche per ogni trattamento è 
indicata tra parentesi.
I valori contraddistinti dalla stessa lettera non evidenziano differ-
enze significative.
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Abstract. In a context of climate change, the knowledge of local meteorological trend 
and variability is a very useful tool in precision farming for improving crop production 
and quality. The aim of this study is to analyze the thermo-pluviometric variability of 
Val d’Orcia olive orchards area (Tuscany, Italy), a hilly region characterized by a great 
orographic variability that lacs of historical termo-pluviometric information. The trend 
of thermo-pluviometric indices (TX, TN, TG, FD, RR and  GDD) for the period 2012-
2017 in three weather stations located at different altitude and orientation in the Val 
d’Orcia area are presented. During the study period, yearly extra virgin olive oil (EVO) 
yield was also analyzed. The variability observed in precipitation confirms the strong 
influence of topography and atmospheric circulation on local precipitation distribu-
tion. While the analysis of thermal regimes and frost days evidence the strong pres-
ence of thermal inversion phenomenon in this area. A strong relationship was found 
between yearly EVO yield and GDD during the vegetative period. 

Keywords. Olive orchards, microclimate, agrometeorology.

Abstract. Nell’attuale contesto di cambiamento climatico, aumentare le informazioni 
disponibili in merito ai trend ed alla variabilità meteorologica locale costituisce un utile 
strumento all’agricoltura di precisione volta al miglioramento della produttività e della 
qualità dei prodotti agricoli. Lo scopo di questo studio è di analizzare la variabilità ter-
mo-pluviometrica dei territori della Val d’Orcia (Toscana) a vocazione olivicola, un’area 
collinare caratterizzata da una elevata variabilità orografica e che manca di serie storie di 
questo tipo. In questo studio sono quindi presentati alcuni indici termo-pluviometrici 
(TX, TN, TG, FD e RR) ed alcuni indici legati alla fenologia dell’Olivo, come i GDD di 
tre stazioni localizzate a diverse altitudini e con diversa esposizione nel territorio della 
Val d’Orcia, nel periodo 2009 – 2017. Nello stesso periodo sono state analizzate le rese 
in olio extra-vergine di oliva (EVO). I risultati mostrano una forte variabilità pluviome-
trica legata all’orografia del territorio, mentre le analisi degli indici di temperatura evi-
denzia la presenza nell’area di una forte escursione termica. Infine, una forte relazione 
è stata osservata tra i GDD nel periodo vegetativo e la resa annuale in olio delle olive.  

Parole chiave. Oliveti, microclima, agrometeorologia
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INTRODUCTION 

Agrometeorology deals with the influence of climate 
on agriculture. Two of the most important agrometeoro-
logical variables influencing crop growth and develop-
ment are air temperature and precipitation which have 
also a direct influence on pest and disease incidence 
(Rosenzweig et al., 2001).

Many studies highlighted that a general increase 
in extreme events such as frequency and persistence of 
high temperatures and changes in total precipitation 
and rainy days are among the most impact-relevant 
consequences of climate warming (Brunetti et al., 2001; 
Manton et al., 2001; Yan et al., 2002; Beniston and Ste-
phenson, 2004). Therefore, knowing the meteoclimatic 
trend and in particular the interseasonal and interannu-
al variability of air temperature and precipitation could 
be decisive for adopting climate change mitigation and 
adaptation strategies in agriculture techniques.

Olive (Olea europaea L.) is considered a good indi-
cator of the ongoing climate change in Mediterranean 
area where is one of the most important socio-economic 
crop (Osborne et al., 2000; Orlandi et al., 2005; Loumou 
and Giourga, 2003). Air temperature and precipitation 
have a significant influence on the timing of olive trees 
phenological stages. A low temperature period prior to 
bud development is essential to reach the base tempera-
ture and interrupt dormancy, then the plant accumu-
lates heat until flowering starts (Galán et al., 2001). As 
olive trees produce allergenic pollen, the effects of tem-
peratures on olive trees flowering can also affect human 
health (Murray and Galán, 2016; Massetti et al., 2015). 
Despite its tolerance to drought stress by means of mor-
phological, physiological and biochemical adaptations 
for optimal yield olive needs of a relative wet period dur-
ing anthesis and fruits ripening (Sofo et al., 2008). On 
the contrary, precipitation and high relative humidity 
during anthesis tending to reduce pollen airborne con-
centrations (Recio et al.,1996). 

The role of olive orchards in maintaining the tradi-
tional Tuscan (Italy) agricultural landscape is indisput-
able especially in Val d’Orcia (southern-east Tuscany), 
a hilly region characterized by a great orographic vari-
ability, where olive trees are cultivated on the slopes 
and hilltops from the seventh century AD (Milanesi 
et al., 2011). Recent studies on the seasonal and annu-
al variability of air temperature and precipitation over 
Tuscany has shown a general increase in minimum 
and maximum temperatures and extreme temperature 
events, a decrease in wet days and an increase in pre-
cipitation fraction (Bartolini et al., 2008; Bartolini et 
al., 2014). 

Having weather-climatic information as specific as 
possible together with the monitoring of temperature 
and precipitation variability, it could be helpful to opti-
mize some crop management practices like foliar fertili-
zation, phytosanitary treatments, olive fly control. Before 
now, no specific agroclimatic analysis have been con-
ducted in the Val d’Orcia olive orchards.

According to these premises, the aim of this study is 
to analyse and characterize the agroclimatic variability 
of Val d’Orcia olive orchards applying unifactorial bio-
climatic indices in order to improve olive management 
techniques introducing the most advanced precision 
farming techniques.

MATERIALS AND METHODS

Study area

The Val d’Orcia is a valley crossed by the Orcia river 
in central-western Italy at about latitude 43°4’0”N, and 
longitude 11°33’0”E. It is approximately 669 km2 and is 
located in the central-southern part of Tuscany (Fig. 1). 
It is geographically defined by the border of five Com-
munities (Castiglione d’Orcia, Montalcino, Pienza, Radi-

Fig. 1. Localization of Val d’Orcia area in Tuscany (in yellow) and 
in Italy.
Fig. 1. Localizzazione della Val d’Orcia in Toscana (in giallo) ed in 
Italia.



13Termo-pluviometric Variability of Val d’Orcia Olive Orchards area (Italy)

cofani, and San Quirico d’Orcia) of the province of Sie-
na. The area is characterized by a hilly morphology with 
slopes from weak (5-10%) to moderate (10-15%). The ele-
vation of this area ranged from 160 to 690 m a.s.l.. 

Basing on the Köppen-Geiger (1936) climate classi-
fication system, which is useful for climate classification 
in terms of geographical area, the Val d’Orcia is charac-
terized by a temperate climate of the sublittoral types. 

Val d’Orcia is a predominantly agricultural area, 
and dedicated to agricultural tourism thanks to its typi-
cal landscapes. The main crops cultivated in Val d’Orcia 
are cereals, vines and, above all, olives. The most impor-
tant olive cultivars in Val d’Orcia are ‘Frantoio’, ‘Moraio-
lo’, ‘Leccino’, and the autochthonous ‘Olivastra Seggia-
nese’.

Meteorological data

No historical termo-pluviometric series are available 
for the Val d’Orcia. Validated and continuous data are 
provided by the Regional Hydrological Sector of Tuscany 
(SIR) and are available only from 2012. The SIR meteor-
ological stations collect hourly temperature and precipi-
tation data that are made available as daily data of mini-
mum, maximum, average temperature and cumulative 
precipitation. Three of them meteorological stations are 
located in olive orchards area (Tab. 1). 

In order to analyze meteoclimatic trend, and inter-
seasonal and interannual thermos-pluviometric  varia-
bility of Val d’Orcia olive orchard area, Walter end Lieth 
climate diagrams were performed as a mean of station 
for the entire period in exam and annually for each sin-
gle station (Walter and Lieth, 1960).

Indices 

Aiming at defining the agro-meteorological resourc-
es of the area and the limitations imposed by climate to 
agricultural practice, an agro-climatic characterization 
was carried out using agro-meteorological techniques. 

Considering daily temperature and rainfall values 
recorded in the period 2009-2017 and 2012-2017 respec-
tively, general and specific unifactorial bioclimatic indi-
ces were calculated according to the European Climate 
Assessment (ECA) indices definition (Peterson et al., 
2001):
TX - monthly mean of daily maximum temperature (°C) 
TN - monthly mean of daily minimum temperature (°C)
TG - monthly mean of daily mean temperature (°C) 
FD - frost Days: days with minimum temperature lower 
than 0 °C 
RR - sum of days with precipitation higher than 0 mm

Furthermore, air temperature data was used to cal-
culate the Growing Degree Days (GDD) by the follow-
ing formula: GDD = S (T daily mean temperature – T 
threshold). T threshold is the minimum temperature for 
olive biothermic accumulation and it is assumed to be 
7.5°C (Bonofiglio et al., 2008). 
GDDVP were calculated for the whole olive vegetative 
period (from 1st of march to 31st of October) and sepa-
rately for each season: 
GDDMAM - between 1st of March to 31 of May (Spring); 
GDDJJA - between 1st of June to 31 of August (Summer);
GDDSO - between 1st of September to 31st of October 
(Autumn).

Yearly EVO yield (Y, %) was calculated from 2009 to 
2017 by data provided by the Val d’Orcia Oil Mill, locat-
ed in Castiglione d’Orcia (SI) . 

RESULTS AND DISCUSSION

The analysis of thermo-pluviometric data, as a mean 
of the three stations for the period 2012-2017, confirms 
that Val d’Orcia olive orchard area is characterized by a 
temperate climate of the sublittoral types according to 
Koppen-Geiger climate classification system. The area 
has an average annual temperatures of 14.2 °C, an aver-
age temperature of the coldest month of 5.8 °C, three 
months with thermal averages above 20 °C, and annual 
temperature range (difference between average tempera-

Tab. 1. Meteorological station of Regional Hydrological Sector of Tuscany (SIR) in Val d’Orcia olive orchards area.
Tab. 1. Lista e localizzazione delle stazioni meteorologiche localizzate in oliveti della Val d’Orcia del Servizio Idrogeologico Regionale della 
Toscana (SIR).

Number Meteorological station code Meteorological station name Altitude 
m a.s.l.

WGS84 Coordinates

Lat. Long.

1 TOS11000067 Buonconvento 188 43.092 11.439
2 TOS11000059 Ripa d’Orcia 506 43.027 11.582
3 TOS11000058 Castiglione d’Orcia 672 42.961 11.618
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ture of the coldest month and of the warmest one) equal 
to 17.8 °C (Fig. 2). 

The mean rainfall of the area is 794 mm and it is 
distributed fairly evenly throughout the year, with a 
peak during autumn. The wettest period coincides with 
the autumn months with the 35% of the average annual 
rainfall; the wettest month is November, with an average 
value of 117 mm of rainfall. Summer results to be the 
less rainy season with 18% of the total average rainfall. 
Finally, rainfall is equally spread in spring and winter 
with an average annual rainfall of about 23% in both 
seasons. August seems to be the driest month with about 
40 mm of monthly cumulative precipitation (Fig. 2).

Walter end Lieth climate diagram were also annu-
ally performed for each single station. The monthly tem-
perature and precipitation trend was similar between 
stations and no differences were observed in intersea-
sonal trend (data not shown). On the contrary, during 
the study period interannual differences were observed; 
as no differences in temperature and precipitation trend 
were observed according to altitude, annual Walter and 
Lieth climate diagram were shown only for station 2 
(Ripa d’Orcia) (Fig. 3).

The years 2012, 2013, 2014, and 2016 were charac-
terized by wet periods: in 2012, 2013, and 2014 the wet 
period was recorded during the autumn, in 2013 during 
the fall with the addition of the month of May, while in 
2016 in February and June. The wettest year was 2014, 
with 908 mm, while 2017 was the driest (409 mm) 
characterized by the largest number of consecutive dry 
months (5 months). Also 2012 and 2015 were very dry 
years, with 6 dry months. The dry period is usually con-
centrated in summer and occasionally in the other sea-
sons: in 2012 during winter, in 2015 during autumn and 
winter, in 2017 during spring and autumn. In 2013 no 
dry months were observed, while only one dry month 
(August) and two dry months (July and August) were 
observed in 2014 and 2016, respectively. Annual tem-
perature range varied from 13.6 °C in 2014 and 23.6 °C 
in 2012. Although the difference between the average 
annual temperatures was 1 °C between the coldest (2013) 
and the warmest (2017) years, marked differences were 
observed between years in the mean temperature values 
of the warmest month (between 26.6 °C in 2017 and 21.4 
°C in 2014) and the average temperature of the coldest 
one (between 2.3 °C in 2012 and 7.8 °C in 2014) (Fig. 3). 

Fig. 2. Walter and Lieth climate diagram of Val d’Orcia for the peri-
od 2012-2017.
Fig. 2. Diagramma di Walter e Lieth della Val d’Orcia per il periodo 
2012-2017.

Fig. 3. Walter and Lieth climate diagram of Ripa d’Orcia meteorological station (station 2) for the period 2012-2017.
Fig. 3. Diagramma annuale di Walter e Lieth della stazione di Ripa d’Orcia (statione 2) per il periodo 2012-2017.
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So, ultimately, the Val d’Orcia climate is typical of the 
Mediterranean area, characterized by the presence of 
mainly hot-dry summers and relatively cold winters.

The olive phenological response is insensitive to 
photoperiod (Osborne et al., 2000) but strictly depend-
ent on the monthly temperature regime (Bonofiglio et 

al., 2009), knowing its trend may help to adopt manage-
ment strategies in a timely manner and in yield fore-
casting. The Val d’Orcia monthly thermal regime dur-
ing the period 2009-2017 is shown in Table 2. Monthly 
maximum air temperature (TX), minimum air tem-
perature (TN) and average air temperature (TG) were 

Tab. 2. Val d’Orcia monthly thermal regime. Monthly maximum air temperature (TX), minimum air temperature (TN) and average air tem-
perature (TG)  for each year and for the whole study period (2009-2017).
Tab. 2. Regime termico mensile della Val d’Orcia. Temperatura mensile massima (TX), temperatura mensile minima (TN), temperatura 
mensile media (TG) per ogni anno dello studio e media per tutto il periodo (2009-2017).

Month 2009 2010 2011 2012 2013 2014 2015 2016 2017 2009-2017

TX (°C)
JAN 7.9 6.8 8.5 8.4 7.9 9.5 8.9 9.1 6.9 8.2
FEB 9.0 8.9 10.2 4.5 7.5 12.4 9.0 11.7 12.7 9.6

MAR 13.2 11.2 11.3 15.8 10.8 12.5 11.7 11.4 15.9 12.6
APR 17.2 16.2 16.8 15.7 17.1 16.2 16.1 17.8 18.5 16.9
MAY 23.9 18.8 20.6 19.0 17.2 18.7 20.8 18.8 22.5 20.0
JUN 24.5 24.5 24.0 27.8 23.7 24.9 26.2 24.0 29.6 25.5
JUL 29.4 29.9 25.3 29.6 27.6 24.4 31.3 28.6 30.6 28.5

AUG 31.2 27.1 28.7 30.8 28.2 25.5 28.3 27.0 32.7 28.8
SEP 24.9 20.7 25.5 23.7 24.6 22.5 23.4 24.1 23.6 23.7

OCT 18.1 16.3 17.8 18.6 18.9 19.2 16.7 17.3 20.7 18.2
NOV 14.4 13.1 14.2 14.1 12.5 15.5 13.7 13.9 13.6 13.9
DEC 9.6 8.7 10.7 8.2 9.9 9.4 10.7 10.7 9.1 9.7

TN (°C)
JAN 1.1 1.3 3.1 3.2 2.9 5.3 3.9 4.5 -0.5 2.8
FEB 1.3 3.0 2.9 -0.9 1.2 6.3 2.8 6.0 4.6 3.0

MAR 4.4 4.3 4.0 7.4 4.8 5.9 5.5 4.9 5.7 5.2
APR 8.5 7.3 9.3 7.9 9.3 8.6 8.1 9.6 7.3 8.4
MAY 12.3 10.7 12.2 10.4 10.0 10.5 12.4 10.8 11.1 11.2
JUN 14.4 14.4 15.5 17.2 14.3 15.9 16.9 15.2 16.6 15.6
JUL 17.1 18.7 16.2 18.4 18.4 16.1 20.8 18.4 17.3 17.9

AUG 18.9 16.9 18.9 20.1 18.5 16.7 18.5 17.2 19.2 18.3
SEP 14.9 8.9 16.6 15.6 15.6 15.1 15.3 15.8 12.6 14.5

OCT 9.1 9.2 10.3 12.0 12.8 12.5 10.9 10.9 9.9 10.8
NOV 7.1 7.2 6.5 8.8 7.3 10.7 8.5 7.7 5.4 7.7
DEC 3.2 2.9 4.5 3.2 5.3 5.3 6.6 5.3 2.2 4.3

TG (°C)
JAN 4.5 4.1 5.8 5.8 5.4 7.4 6.4 6.8 3.2 5.5
FEB 5.2 6.0 6.6 1.8 4.4 9.4 5.9 8.8 8.7 6.3

MAR 8.8 7.8 7.7 11.6 7.8 9.2 8.6 8.1 10.8 8.9
APR 12.9 11.7 13.1 11.7 13.2 12.4 12.1 13.7 12.9 12.6
MAY 18.1 14.8 16.4 14.7 13.6 14.6 16.6 14.8 16.8 15.6
JUN 19.5 19.5 19.8 22.5 19.0 20.4 21.5 19.6 23.1 20.5
JUL 23.3 24.3 20.8 24.0 23.0 20.2 26.0 23.5 24.0 23.2

AUG 25.0 22.0 23.8 25.4 23.4 21.1 23.4 22.1 25.9 23.6
SEP 19.9 14.8 21.1 19.7 20.1 18.8 19.4 20.0 18.1 19.1

OCT 13.6 12.7 14.0 15.3 15.8 15.9 13.8 14.1 15.3 14.5
NOV 10.7 10.1 10.4 11.5 9.9 13.1 11.1 10.8 9.5 10.8
DEC 6.4 5.8 7.6 5.7 7.6 7.3 8.6 8.0 5.6 7.0
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calculated for each year and for the whole study period 
(2009-2017). The hottest months resulted to be July and 
August, with very similar TX, TN and TG values; while 
the coldest month was January, with a TG of 5.8 °C. The 
interannual thermal variability during the whole study 
period showed that February was the month with the 
highest variability: 7.9 °C in TX, 7.2 °C in TN and 7.6 °C 
in TG. On the contrary, April resulted to be the month 
with lower interannual thermal variability, with 2.8 °C 
in TX, 1.7 °C in TN and 2 °C in TG. 

Flowering date seemed to be influenced in a deci-
sive way from the trend of average air temperature. 
(Bonofiglio et al., 2009), in a 26 years study (1982-2007) 
conducted in Central Italy, registered an anticipation 
of the flowering period, which was due mostly to an 
increase of the average temperature during the months 
of March, April, May and June, especially from May 
(start flowering) to June (full flowering). In our study 
period we observed the following average air tempera-
ture trend (Tab. 2): in March it ranged between 7.8 °C 
(2010 and 2013) and 11.6 °C (2012), in April between 11.7 
°C (2010 and 2012) and 13.7 °C (2016), in May between 
13.6 °C (2013) and 18,1 °C (2009) and in June between 
19.0 °C (2013) and 23.1 °C (2017).

An annual average of 23 FD were recorded in the 
Val d’Orcia olive orchards area: 33, 15, and 22 FD in sta-
tion 1, 2, and 3 respectively (Tab. 3). FD were recorded 
during the winter, in early spring and in late autumn. As 
expected, the months with a maximum number of FD 
were the winter ones (on average 7.9, 6.6 and 6.2 respec-
tively in January, February and December), following by 
November with an average of 1.2 FD and March with an 
average of 1.8 FD. 

The annual maximum number of FD (47) was 
recorded in 2017 by station 1 which (positioned at the 
lowest altitude). While, an FD value of 31 was recorded 
by station 3 evidencing the occurrence of a strong ther-
mal inversion that is characteristic of the study area. The 
annual minimum number of FD (4) was recorded in 2016 
in station 1 and in 2014 in station 2 (data not shown). 

The olive tree is moderately resistant to below zero 
temperatures but suffers frost injury when specific ther-
mal thresholds are exceeded: -16 °C for xilema and twig 
cambium, -12 °C for buds and leaves, and -6 °C for roots 
(Larcher, 1970). However, persistent temperatures below 
–7 °C can damage aerial parts and seriously reduce the 
productivity (Palliotti and Bongi, 1996). The most char-
acteristic symptoms of frost damage include tip burn 
of shoots tips and nearby leaf tips, leaf chlorosis, defo-
liation, bark split on branches and also damages to buds 
and fruits (Barranco et al., 2005).

During the study period the minimum average tem-
perature values never dropped below -6 °C. The maxi-
mum minimum temperature (-8.2 °C) was reached only 
for a few consecutive hours in February 2012, in Decem-
ber 2016 and in January 2017 in station 3, such as not to 
damage olive trees, (data not shown).

An annual average of 91.3 RRs were recorded in the 
monitored area: 91.5, 88.0, and 94.3 RRs in station 1, 2, 
and 3 respectively. The maximum average number of RRs 
(116) were recorded in 2013 and 2014, while the lowest 
average number of RRs was recorded in 2017 (66) (Tab. 4).

RRs were continuously distributed throughout the 
year; no months without RRs were recorded during the 
observation period. On average, the largest number of 
RRs was recorded in spring (26,4 RRs), than in win-
ter and autumn (25,1 RRs) and finally in summer (14,7 
RRs). The month with the maximum average number of 
RRs was November (10,6 RRs) while the month with the 
minimum number was August (3,3 RRs) (Tab. 5). 

Phenology can be considered a bio-indicator for cli-
mate change as a proxy for temperatures (Menzel, 2002). 
Heat accumulation, quantified by GDD, is the major 
factor for the determination of bud development, bud-
burst, flower blooming and other phenological phases 
(Hänninen, 1990). During our study period, an average 
of 2434 GDDVP was achieved in the whole Val d’Orcia. 
GDDVP decreased as the altitude increased. Consider-
ing the annual average of the three stations, the hot-
test years were 2012 and 2017 when 2565.7 GDDVP and 

Tab. 3. Monthly and annual average Frost Days (FD) collected in Val d’Orcia during the study period (2009-2017) in the three stations: 
station 1: Buonconvento (altitude 188 m asl); station 2: Ripa d’Orcia (altitude 506 m asl); station 3: Castiglione d’Orcia (altitude 672 m asl).
Tab. 3. Valori medi mensili ed annuali dei Giorni di Gelo (Frost Days - FD) osservati in Val d’Orcia durante il periodo di studio (2009-
2017) nelle tre diverse stazioni: stazione 1: Buonconvento (altitudine 188 m slm); stazione 2: Ripa d’Orcia (altitudine 506 m slm); stazione 3: 
Castiglione d’Orcia (altitudine 672 m slm).

2009-2017 G F M A M G L A S O N D TOT

Station 1 10.9 8.4 2.3 0 0 0 0 0 0 0 2.1 9.9 33.6
Station 2 5.9 4.7 1.1 0 0 0 0 0 0 0 0.4 3.2 15.3
Station 3 7.1 6.7 2.1 0 0 0 0 0 0 0 1.1 5.4 22.4
Average 7.9 6.6 1.8 0 0 0 0 0 0 0 1.2 6.2 23.7
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2613.0 GDDVP were achieved respectively. The cold-
est year was 2014 with 2196.3 GDDVP. Considering the 
seasonal average values after summer (1383.1 GDDJJA) 
the hottest season was autumn (565.4 GDDSO). Only in 
2017 spring was warmer (546.0 GDDMAM) than autumn 
(533.3 GDDSO) resulting to be the hottest in the period 
under review (Tab. 6). This result is consistent with the 
global warming trend: a progressive European warming 
might promote elongation of the summer period into the 
autumn (Fischer and Schär, 2009). However no trend in 
GDD was observed in our study, probably because of the 
limited number of years analyzed. 

During the warmest years, values of 2748 GDDVP 
(2011) and 2735 GDDVP (2017) were achieved in station 

1, whereas in the coldest one (2014), the GDDVP value 
was 2317. In spring, GDD varied between 430 (2013) and 
622 (2011), in summer between 1250 (2014) and 1573 
(2017), in autumn between 551 (2015) and 657 (2011). 

In station 2,  in the warmest years GDDVP values 
ranged about 2650  (2012) and 2732 (2017) in the warm-
est years, whereas in the coldest one (2014)  GDDVP 
value was about 2281. The hottest season resulted to 
be always the summer, followed by autumn. In spring, 
GDD varied between 420 (2013) and 585 (2017), in sum-
mer between 1217 (2017) and 1585 (2017), in autumn 
between 554 (2015) and 632 (2013). The 2017 was the 
year characterized by the hottest summer and spring. 

In station 3, the warmest years were 2012 and 2017 
when 2378 GDDVP and 2372 GDDVP were achieved, 
respectively. The coldest year was 2014 reaching 2191 
GDDvp. The hottest season resulted to be the summer 
followed by autumn and spring.

Contrary to what has been observed in other sta-
tions in 2017 spring was colder (458 GDDMAM) than 
autumn (471 GDDSO), although it was the warmest 
spring in the period under review. The autumn of 2017 
was the coldest (471 GDDSO) of the period. The GDD 
ranged between 320 in 2013 and 466 in 2011 during 
spring, between 1104 in 2014 and 1443 in 2017 during 
summer, and between 471 in 2017 and 568 in 2013 dur-
ing autumn. 2013 was confirmed the year with the cold-
est spring and hottest autumn. 

Finally, Table 8 shows yearly EVO yield (Y) 

Tab. 5. Monthly amount of rainy days (RR) collected in Val d’Orcia during the study period (2012-2017) in the three stations: station 1: 
Buonconvento (altitude 188 m asl); station 2: Ripa d’Orcia (altitude 506 m asl); station 3: Castiglione d’Orcia (altitude 672 m asl).
Tab. 5. Numero mensile di giorni piovosi (RR) registrati durante il peiriodo di studio (2012-2017) nelle tre stazioni della Val d’Orcia: stazi-
one 1: Buonconvento (altitude 188 m asl); station 2: Ripa d’Orcia (altitude 506 m asl); station 3: Castiglione d’Orcia (altitude 672 m asl).

RR 2012-2017 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Station 1 8.0 11.2 8.2 8.5 9.5 5.8 3.3 3.0 6.5 8.0 11.2 8.3
Station 2 7.7 9.5 8.3 7.5 9.8 6.7 4.5 3.3 7.5 6.7 10.7 5.8
Station 3 7.7 10.2 8.7 8.5 10.2 7.8 5.8 3.7 7.7 7.3 10.0 6.8
Average 7.8 10.3 8.4 8.2 9.8 6.8 4.6 3.3 7.2 7.3 10.6 7.0

Tab. 6. Mean growing degree days (GDD) of the Val d’Orcia olive orchards area in the period 2009-2017 for the whole olive vegetative 
period (GDDVP) and separately for each season (GDDMAM, GDDJJA, GDDSO).
Tab. 6. Media dei gradi giorno (GDD) per il periodo di osservazione per l’area degli oliveti della Val d’Orcia per il periodo 2009-2017 rela-
tivi a tutto il periodo vegetativo (GDDVP) e per ogni singola stagione: primavera (GDDMAM) estate (GDDJJA) e autunno (GDDSO).

  2009 2010 2011 2012 2013 2014 2015 2016 2017 Ave 2009 - 2017

GDDMAM 546.0 532.0 534.3 477.7 390.0 429.7 475.0 450.7 546.0 486.8
GDDJJA 1390.3 1355.0 1346.0 1502.3 1303.0 1190.3 1471.3 1297.7 1533.7 1376.6
GDDSO 562.3 571.7 608.3 585.7 613.0 576.3 527.7 556.3 533.3 570.5
GDDVP 2498.7 2458.7 2488.7 2565.7 2306.0 2196.3 2474.0 2304.7 2613.0 2434.0

Tab. 4. Annual and total amount of rainy days (RR) collected in Val 
d’Orcia during the study period (2012-2017) in the three stations: sta-
tion 1: Buonconvento (altitude 188 m asl); station 2: Ripa d’Orcia (alti-
tude 506 m asl); station 3: Castiglione d’Orcia (altitude 672 m asl).
Tab. 4. Numero di giorni piovosi (RR) annuale e totale per il perio-
do di osservazione (2012-2017) nelle tre stazioni: stazione 1: Buon-
convento (altitude 188 m asl); station 2: Ripa d’Orcia (altitude 506 
m asl); station 3: Castiglione d’Orcia (altitude 672 m asl).

RR 2012 2013 2014 2015 2016 2017 Tot.

Station 1 84 106 118 75 105 61 91.5
Station 2 75 117 115 69 93 59 88.0
Station 3 76 125 115 78 94 78 94.3
Average 78.3 116.0 116.0 74.0 97.3 66.0 91.3
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expressed in percentage (%). During the study period, Y 
was approximately of 16.7%, with maximum values in 
2012 and 2017 with 18.5% and 18.7 % respectively, and 
minimum values in 2014 and 2016 with 13.9%. 

In order to investigate if EVO yield was linked to 
thermo-pluviometric and GDD variables, a linear regres-
sion was made between Y and each index previously 
described. A positive trend was observed between Y, TX 
and TG, while a negative one was observed between Y 
and TN. No trend was found between T and RR and 
FD. On the contrary, a strong relationship was found 
between Y and GDD: in particular, a strong relation-
ship was between Y and GDDJJA (R2 = 0.715) and with 
GDDVP (R2 = 0.819), while only a positive trend was 
observed with GDDMAM and a negative one with GDDSO 
(Figure 4). 

The strong relationship observed between Y and 
GDDVP and GDDJJA confirmed how heat accumulation 
period (expressed ad GDD) can influence EVO yield and 

suggesting that GDD during the summer season (GDDJ-

JA) can be a predictor of olive yield. 

CONCLUSIONS  

This is a preliminary analysis of thermo-pluviomet-
ric variability of Val d’Orcia olive orchards area (Tusca-
ny, Italy), a not well investigated area despite of its agro-
economic relevance.

Tab. 7. Mean growing degree days (GDD) of the three SIR meteorological stations in Val d’Orcia olive orchards area in the period 2009-
2017 for the whole olive vegetative period (GDDVP) and separately for each season (GDDMAM, GDDJJA, GDDSO)
Tab. 7. Gradi giorno (GDD) medi relativi a tutto il periodo vegetativo (GDDVP) e per ogni singola stagione: primavera (GDDMAM) estate 
(GDDJJA) e autunno (GDDSO) nelle tre stazioni della Val d’Orcia per tutto il periodo di osservazione (2009-2017): stazione 1: Buonconvento 
(altitudine 188 m slm); stazione 2: Ripa d’Orcia (altitudine 506 m slm); stazione 3: Castiglione d’Orcia (altitudine 672 m slm).

Station 1 2009 2010 2011 2012 2013 2014 2015 2016 2017 Ave. 2009 - 2017

GDDMAM 597 595 622 515 430 470 511 487 595 535.8
GDDJJA 1414 1412 1469 1546 1358 1250 1523 1348 1573 1432.6
GDDSO 588 596 657 608 639 597 551 568 567 596.8
GDDVP 2599 2603 2748 2669 2427 2317 2585 2403 2735 2565.1

Station 2 2009 2010 2011 2012 2013 2014 2015 2016 2017 Ave. 2009 - 2017
GDDMAM 575 564 549 511 420 460 498 473 585 515.0
GDDJJA 1430 1395 1340 1529 1335 1217 1500 1329 1585 1406.7
GDDSO 596 597 606 610 632 604 554 599 562 595.6
GDDVP 2601 2556 2495 2650 2387 2281 2552 2401 2732 2517.2

Station 3 2009 2010 2011 2012 2013 2014 2015 2016 2017 Ave. 2009 - 2017
GDDMAM 466 437 432 407 320 359 416 392 458 409.7
GDDJJA 1327 1258 1229 1432 1216 1104 1391 1216 1443 1290.7
GDDSO 503 522 562 539 568 528 478 502 471 519.2
GDDVP 2296 2217 2223 2378 2104 1991 2285 2110 2372 2219.6

Tab. 8. Yearly EVO yield (Y) expressed in percentage (%) in the 
Val d’Orcia area in the period 2009-2017. Data provided by the Val 
d’Orcia Oil Mill, located in Castiglione d’Orcia (SI).
Tab. 8. Resa annuale e totale del periodo 2009-2017 delle olive (Y) 
espressa in percentuale (%) nell’area della Val d’Orcia. Dati forniti 
dalla Società Agricola Frantoio della Val d’Orcia con sede in Cas-
tiglione d’Orcia (SI).

2009 2010 2011 2012 2013 2014 2015 2016 2017 Ave.

Y (%) 17.2 18.3 17.6 18.5 14.4 13.9 17.6 13.9 18.7 16.7

Fig. 4. linear regression between EVO yield (Y) and Growing 
degree days of the vegetative period (GDDVP) for the period 2009-
2017.
Fig. 4. regressione lineare tra resa annuale di olio extra vergine di 
oliva (Y) e gradi giorno durante la stagione vegetativa dell’olivo 
(GDDVP) nel periodo 2009-2017.
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The knowledge of the trend and the interseasonal 
and interannual behaviour and variability of air temper-
ature in olive orchards area is essential to forecast some 
phenological phase that play an important role in olive 
production, i.e. flowering stage, helping to prevent agro-
nomic problem such as biotic and abiotic diseases, i.e. 
olive fly, olive peacock spot, etc. 

The variability observed in precipitation in areas 
very close together shows the strong influence of topog-
raphy and atmospheric circulation on local precipita-
tion distribution. This outcome could be linked to an 
ongoing change in the Mediterranean weather circula-
tion which increasingly determines heavy precipitation 
events but extremely localized. The strong relationship 
observed between EVO yield and heat accumulation 
period during the summer season (GDDJJA) suggests that 
this index can be a good predictor of olive yield. 

The results of this study help to increase the knowl-
edge of agro-climatic variability of Val d’Orcia olive 
orchards area. Moreover, they could be useful for imple-
menting precision farming techniques in this area, such 
as the optimization of some olive management practices, 
and the application of models for evaluating the devel-
opment of plants and plant pathogens.
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Abstract. Field experiment was carried out to examine the effects of full and deficit 
irrigation treatments on yield and irrigation water productivity of potato crop conduct-
ed under semi-arid conditions of Tunisia. In addition, the accuracy of different mod-
els for computing daily ET0 have been assessed against the standardized FAO 56-Pen-
man Monteith estimations. An application of the FAO-56 dual approach to calculate 
actual evapotranspiration (ETa) is reported, implemented by means of the FAO-56 
model. The obtained daily values of ET0, were used as input in the FAO-56 model, in 
order to assess their impact on simulated actual evapotranspiration of potato crop. The 
obtained results indicate that potato yield decrease significantly with decreasing irriga-
tion amount. However, no significant difference was obtained in term of WPirrig. Com-
parison between the different ET0 methods against the FAO-56 PM, revealed that the 
Makkink and Priestley-Taylor models might be considered as efficient alternatives for 
estimating ET0. Furthermore, the simulated actual evapotranspiration are compared 
with their corresponding obtained by the water balance method. The statistical results 
of comparison highlighted that the best performances are accorded to the FAO-56 PM. 
More detailed analysis, evidenced also that the Hargreaves-Samani, Pristley-Taylor and 
Makkink approaches can be used as valid alternatives for estimating ETa. 

Keywords. Reference evapotranspiration, FAO-56 model, deficit irrigation, irrigation 
water productivity, potato.

Abstract. L’esperimento è stato condotto per esaminare gli effetti sia di trattamenti di 
piena irrigazione che di irrigazione di soccorso sulla resa delle patate e la produtti-
vità di queste legata all’acqua di irrigazione in un ambiente semi arido in Tunisia. In 
aggiunta, è stata sperimentata l’accuratezza di diversi modelli per calcolare l’ET0 gior-
naliera in confronto con le stime standardizzate della FAO 56-Penman Monteith. Nello 
studio è riportato l’uso del doppio sistema FAO 56 per calcolare l’evapotraspirazione 
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potenziale (ETa). I dati giornalieri di ET0 ottenuti sono stati usati come input nel modello FAO 56, per valutare la loro influenza 
sull’evapotraspirazione reale simulata sulle patate.  I risultati ottenuti indicano che la resa delle patate diminuisce significativamente 
con la diminuzione dell’irrigazione. Comunque, non è stata osservata differenza significativa in termini di WPirrig. Un confronto tra 
i diversi metodi ET0 con il FAO 56 PM, ha rivelato che i modelli Makking e Priestley – Taylor potrebbero essere considerati delle 
alternative efficienti per stimare l’ET0. Inoltre, le-evapotraspirazioni reali simulate sono state confrontate con le loro corrispondenti 
ottenute dal metodo del bilancio idrico. I risultati del confronto hanno evidenziato che le migliori performance si sono verificate 
nel metodo FAO-56 PM. Analisi aggiuntive più dettagliate, hanno anche evidenziato che gli approcci Hargreaves-Samani, Pristley-
Taylor e Makkink  possono essere usati come valide alternative. 

Parole chiave. Evapotraspirazione di riferimento, modello FAO-56, irrigazione di soccorso, produttività legata all’acqua di irrigazi-
one, patata.  

1. INTRODUCTION

In the Mediterranean regions, characterized by 
arid and semi-arid climate, water availability is being 
severely scare (Rinaldi et al., 2011; Provenzano et al., 
2013) as consequence of climate change (Rijsberman, 
2006) and the increasing competition between munici-
pal, industrial and environmental water users (McCann 
et al., 2007; Yavuz et al., 2015). In these regions, irri-
gation consumes more than 85% of the total available 
water (Er-Raki et al., 2008). In particular, in Tunisia, 
irrigation water availability is characterized by frequent 
cutting events which results in social conflict over irri-
gated area. Therefore, to ensure the sustainability and 
integrity of the water resources, a substantial improve-
ment in agriculture water use efficiency is required 
(Shahnazari et al., 2007; Katerji et al., 2013). In this 
context, irrigation scheduling techniques as full and 
deficit irrigation applied through regulated drip irri-
gation systems were widely used (Nagaz et al., 2016). 
Moreover, Actual evapotranspiration reflects the crop 
water requirement as it is reflecting water losses from 
plant transpiration and soil evaporation (Alberto et al., 
2014). Thus, accurate estimation of actual evapotran-
spiration is a key factor for a sustainable water resource 
management and an effective irrigation scheduling 
(Rana and Katerji, 2000; Liu and Luo, 2010; Qiu et al., 
2015; Odi-Lara et al., 2016).

A wide range of methods (direct and indirect) have 
been adopted to quantify actual crop evapotranspira-
tion (Djaman et al., 2016). Among the direct methods, 
it has been reported the weighting lysimeters (Kahyap 
and Panda, 2003; Xu and Chen, 2005; Liu and Luo, 2010; 
Schrader et al., 2013) and the Eddy Covariance tech-
nique (Er-Raki et al., 2008; Sun et al., 2008; Alberto et 
al., 2014; Zitouna-Chebbi et al., 2018). Regarding indi-
rect methods, different approaches were described in 
literature such as the Sap flow measurement method 
(Wilson et al., 2001; Charfi Masmoudi et al., 2011; Ral-

lo et al., 2014; Qiu et al., 2015) and remote sensing data 
(Er-Raki et al., 2008; Sánchez et al., 2010; Maeda et al., 
2011). However, costs of the above mentioned methods 
remain quite high and demanding in terms of skilled 
user and the availability of the instruments are limited 
especially in the developing countries as Tunisia. Hence, 
the water balance model can be considered practical for 
an indirect method of actual evapotranspiration estima-
tion (Katerji et al., 2013; Qiu et al., 2015; Tari, 2016; Tong 
et al., 2016) since it doesn’t require costly equipment and 
well trained personal. 

Although the advanced techniques and methods 
that have been carried out for crop evapotranspira-
tion determination, the Food and Agriculture Organi-
zation (FAO)-crop coefficient approach still to be the 
most common and simpler method (Allen et al., 2005; 
Charfi Masmoudi et al., 2011; Odi-Lara et al., 2016; 
Wang et al., 2018). This method consist on multiplying 
the reference evapotranspiration by a pre-determined 
crop specific coefficient (Qiu et al., 2015). Accord-
ing to Allen et al. (1998), ET0 is defined as “the rate 
of evapotranspiration from a hypothetical reference 
crop, characterized by height of 0.12 m, surface resist-
ance of 70 s m−1 and albedo of 0.23, closely resembling 
the evapotranspiration from an extensive surface of 
green grass of uniform height, actively growing, well-
watered, and completely shading the ground” and Kc, 
defined as ETc/ET0. Commonly, the FAO-56 Penman 
Monteith model has been adopted and recommended 
as a standard method to estimate ET0 (Allen et al., 
1998). However, this method is not always evident to 
apply since it requires several meteorological data such 
as air temperature, relative humidity, solar radiation 
and wind speed at 2 m height, which are often incom-
plete or not available in most of developing and poor 
countries (Sahli and Jabloun, 2008; Djaman et al., 
2016). Thus, several alternative estimations consider-
ing limited weather data sets have been proposed and 
calibrated under different climate conditions (Tabari, 
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2009). They can be classified into one of the following 
four categories (1) temperature-based (e.g., Hargreaves 
and Samani, 1985); (2) radiation based (e.g., Mak-
kink, 1957); (3) mass-based (e.g., Mahring, 1970) or 
(4) methods combining energy and mass balance (e.g., 
Penman, 1948).

In addition, simulation models, after calibra-
tion and validation related to a specific context, can 
be a suitable tool for water management and irrigation 
scheduling. Rallo et al. (2010) considered Agro-hydro-
logical models as one of the most efficient models for 
these purposes. Despite their reliability, physically based 
and stochastic agro-hydrological models, cannot always 
be applied because of the high number of input data 
that require (Rallo et al., 2010; Rallo et al., 2014). There-
fore, the simplified agro-hydrological model, such FAO-
56 model (Allen et al., 1998), which consider a simple 
water bucket approach, represent a balance between 
robustness and simplicity to be useful for irrigation 
scheduling decisions for a wide range of users back-
ground and skills level (McCann et al., 2007). Accurate 
estimation of the seasonal ET is a basic component for 
calculating the water use efficiency (Katerji et al., 2013). 
Thus, if a model is conceived to be used for irrigation 
water scheduling, it is necessary to verify, under water 
stress conditions, that the daily ET is also correctly sim-
ulated by the model during the crop cycle (Stewart et 
al., 1977). 

The main objectives of this research were firstly 
to investigate the effect of two irrigation levels on yield 
and irrigation water productivity of potato crop con-
ducted under semi-arid conditions of Tunisia. Secondly 
to assess, in the same climatic context, the performance 
of different simpler daily reference evapotranspira-
tion methods by comparing their values against those 
obtained by the standardized FAO-56 Penman Montei-
th model using different statistical parameters. Finally, 
to study the impact of different ET0 methods, forced as 
input in the calibrated FAO-56 model on actual evapo-
transpiration of potato crop conducted under full and 
deficit irrigation treatments. 

2. MATERIAL AND METHODS

2.1 Description of the experimental site and irrigation 
treatments 

Field experiments were conducted at the experimen-
tal field of the High Agronomic Institute of Chott Mari-
em, Sousse, Tunisia (Long. 10.5632° N; Lat. 35.9191° N, 
Altitude 19 m above sea level). As evidenced by the data 
registered by the Regional Research center on Horticul-
ture and Organic Agriculture weather station from 1983 
to 2014 nearby the experimental site, climate is semi-
arid with mild rainy winters and dry hot summers. Min-
imum and maximum monthly air temperature range 
from 7 to 21°C and from 17 to 32°C, respectively. The 
average annual rainfall is about 230  mm (Ghazouani 
et al., 2016) and is almost concentrated in autumn and 
winter. Annual reference evapotranspiration, estimated 
using FAO-56 PM method, is about 1200 mm.

The experiments took place from February 25th, 2017 
to Juin 4th, 2017 on a drip irrigation system of 572  m2 
cultivated with Potato crop ‘Solanum Tubersum L.’, cul-
tivar Spunta. Plants were spaced 40  cm along the rows, 
and 80  cm between the rows. The drippers were inline 
type and were set 40  cm apart and had a flow rate of 
4 l/h at 1.0 atm pressure.

Data related to the soil properties of the experimen-
tal site are summarized in Tab. 1. In addition, the verti-
cal soil profile revealed the presence of calcareous layer 
at about 1  m deep. Daily climate variables relative to 
minimum and maximum temperature, relative humid-
ity, wind speed and solar radiation in order to estimate 
daily reference evapotranspiration were collected from a 
weather station located adjacent to the High Agronomic 
Institute of Chott Mariem.

Deficit and full irrigation treatments replicated three 
times (6  sub-plots) were set according to a split plot 
design with a subplot size of about 63 m2 (2.4 m×26 m). 
The experimental plots were irrigated on the same day. 
For full irrigation treatment, the irrigation amount per 
time was equal to the actual evapotranspiration of the 
previous days as estimated using the FAO crop coef-
ficient approach. However, for deficit treatment, 50% of 

Tab. 1. Physical characteristics of the experimental field soil.
Tab. 1. Caratteristiche fisiche del suolo del campo sperimentale.

Soil layer  
(cm) Texture Bulk density 

(g/cm3)
Field capacity 

(%)
Permanent wilting point 

(%)
Hydraulic conductivity 

(cm/min)

0- 35 Sandy loam 1.56 21.85 8.13 0.256
35-55 Sandy loam 1.68 25.15 9.74 0.213
55-90 Sandy loam 1.61 21.9 10.3 0.209
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full irrigation was imposed along the entire crop season. 
The first period of the growth cycle was characterized by 
relatively low atmospheric demand associated to small 
plants with limited roots which result in a little crop 
evapotranspiration. Thus, during that period, plants 
were irrigated once time per week, while, thereafter, irri-
gation frequency was running twice per week. Each plot 
was connected by the flowmeter to deliver the desired 
amount of water.

2.2 Determination of actual evapotranspiration

Actual ET was determined through two-fold 
approaches, involving the measured water balance mod-
el and estimated according to the FAO-56 model.

2.2.1 Soil Water balance model

Actual evapotranspiration was indirectly computed 
using the simplified water balance method from the 
change in soil water content. During the investigation 
period, soil water content was measured gravimetri-
cally, at depths of 0 - 0.25  and 0.26 - 0.45  m from the 
soil surface. For both treatments, soil water content was 
recorded before plantation, at approximately every 7 
days intervals, and at harvesting. Since maximum depth 
does not exceed 0.35  m and maximum roots density 
were in the first layer, the change in soil storage was cal-
culated only for the first soil layer. In addition, runoff 
and capillary rise can be neglected because of the flat 
ground and the presence of calcareous layer at 1 m deep 
that prevents the water stored in the deeper soil layer 
from moving up to the soil surface (Katerji et al., 2013). 
Deep percolation was assumed to be zero since irriga-
tions were performed through drip irrigation (Tari, 
2016), and that precipitation, over the growing season, 
was characterized by very low rainfall events with a 
total precipitations of 10  mm. Thus, actual evapotran-
spiration can be estimated, at weekly time step, with the 
following equation

ETa = I+P−∆S  (1)

where ETa actual evapotranspiration  (mm); I, irriga-
tion  (mm); P, precipitation  (mm); ∆S, change in soil 
water storage (mm).

2.2.2 FAO-56 model

The FAO-56 model estimates actual evapotranspira-
tion from the reference evapotranspiration and the basal 

and evaporation coefficients. For this purpose, daily ET0 
values, computed by different methods, were forced as 
input in the model in order to evaluate their correspond-
ing effects on actual ET estimated for potato crop.

2.2.2.1. ET0 models description

FAO-56 Penman Monteith model (FAO 56-PM)
The FAO 56-Penman Monteith equation for the 

grass reference crop described by Allen et al. (1998) can 
be estimated as:

ET0 =
0.408∆ Rn−G( )+γ 900

Tavg + 273
⎛

⎝
⎜

⎞

⎠
⎟ u2 es − ea( )

∆+γ 1+0.34u2( )
 (2)

where: ET0: Reference evapotranspiration (mm day-1), 
Rn: net radiation at the crop surface (MJ  m-2  day-1, G: 
soil heat flux density (MJ  m-2  day-1), Tavg: mean daily 
air temperature at 2  m height (°C), u2: wind speed at 
2 m height (m s-1), es: saturation vapour pressure (kPa), 
ea: actual vapour pressure (kPa), es-ea: the saturation 
vapour pressure deficit (kPa), Δ: slope of the vapour 
pressure curve (kPa°C-1), γ: psychrometric constant 
(kPa°C-1).

Hargreaves-Samani model (HgS)
When solar radiation, relative humidity, and wind 

speed variables are missing, Hargreaves and Samani 
(1985) proposed the following simplified ET0 model:

ET0 = 0,0135
Ra
λ

Tavg +17,8( ) Krs Tmax −Tmin( )  (3)

where Ra: the extraterrestrial radiation MJ  m-2  day-1, 
Tmax, Tmin: maximum and minimum daily air temper-
atures (°C), Tavg: mean daily air temperature (°C), Krs: 
radiation adjustment coefficient (°C-0.5); λ: latent heat of 
vaporization (MJ m-2 mm-1).

Priestley Taylor model (PT)
Priestley and Taylor (1972) model is a shorten ver-

sion of the original Penman model. It is defined as:

ET0 =α
∆

∆+γ( )
(Rn −G)

λ  (4)

α: the Priestley-Taylor parameter is equal to 1.26. How-
ever, it can vary from 1.08 to more than 1.6 (Minacapilli 
et al., 2015).
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Turc model (Turc)
Under humid conditions, Turc equation provides the 

most accurate estimation of ET0 when climatic data are 
insufficient (Trajkovic and Kolakovic, 2009)

ET0 = 0.31 C  Rs− 2.094( )
Tavg

(Tavg +15)
 (5)

where Rs is the daily solar radiation MJ  m-2  day-1. If 
average relative humidity is greater than 50%, then

C = 1 (5a). 

If not, then it can be calculated by

C =1+ 50+RHavg
70  (5b)

Irmak model (IK)
Irmak et al. (2003) developed an empirical mod-

els using a minimum number of input data. The mod-
el showed reasonable results in wet, arid, coastal, and 
inland sites under humid climates. According to these 
authors, ET0 can be estimated as:

ET0 = 0.149Rs+0.079Tavg −0.611  (6)

Makkink model (Mak)
The Mak model (Makkink, 1957), was presented in 

Netherlands as a modification of the Penman model as:

ET0 = 0.61
∆

∆+γ
Rs
λ
−0.12

 (7)

Hansen model (Hsn)
The Hsn model (Hasen, 1984), was presented as a 

modification of the Makkink model. It is defined as:

ET0 = 0.7
∆

∆+γ
Rs
λ  (8)

2.3 Model calibration

The FAO-56 model evaluates actual crop evapotran-
spiration (ETa) based on the dual crop coefficient meth-
od that separates evaporation from transpiration as:

ETa = E+T = KsKcb +Ke( )ET0  (9)

where ET0 is the reference evapotranspiration (mm d−1), 
Kcb is the basal crop coefficient; Ke is the soil evapo-
ration coefficient. Ke is a function of the evaporation 
reduction coefficient (Kr), the maximum and basal crop 
coefficient, and the exposed and wetted soil fraction; 
Ks is dimensionless water stress coefficient, variable 
between 0 and 1 (Allen et al., 1998). 

Firstly, measured data collected during the experi-
ment, related to plant (root depth, plant height), soil 
(soil fraction cover, initial depletion, available water) and 
weather data (Midseason average wind speed, Midseason 
relative humidity) were used as input in the model. The 
average values of basal crop coefficient were considered 
as the same values proposed by Allen et al. (1998). The 
readily evaporable water (REW) was considered as the 
same value referred by Qui et al., (2015). The used value 
of REW is also inside the range of variability, for Sandy-
loam soil, proposed by Allen et al. (1998). Thereafter, the 
FAO-56 model calibration procedure consisted of adjust-
ing two parameters related to soil (depletion coefficient, 
p; and Effective depth of evaporable layer, Ze). Thus, 
estimation of the two considered parameters through 
iterative approximations was carried out and ceased 
only when the simulated values of potato actual evapo-
transpiration become similar to measured values. The 
daily values of ET0 used for the calibration procedure 
were estimated according the FAO-56 Penman Monteith 
method. Based on soil water content observations, the 
initial depletion for root zone was 20% of TAW (Tab. 2).

2.4 Plant measurements

Field observations included root depth, plant height, 
fraction of soil covered by crop canopy (fc), and leaf 
area were measured on different plants collected at dif-
ferent crop stages, from randomly chosen locations 
of each subplot. Every two weeks, after removing the 
plants from the soil and washing the roots carefully, 
the root depths were measured directly using a gradu-
ated ruler. Measurements of fc were performed every 
week. The fraction of the ground covered with the leaves 
was estimated using a 120  cm*80  cm area divided into 
96 squares with equal dimensions, held over the central 
row. The covered fraction, which ranged from 0,01 to 1 
(Allen et al., 1998), was calculated as the number of cells 
at least half-filled of green leaf divided by the total num-
ber of cells (96) (Boyed et al., 2002). However, measure-
ment of leaves area was performed every two weeks with 
help of planimetric instrument. At harvesting, the crop 
yield was determined by weighting, per treatment and 
replicate, the total production obtained in 10 plants.
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2.5 Irrigation Water productivity (WPirrig)

The WPirrig is expressed as the ratio of actual har-
vestable yield (Ya) and irrigation water (I) received from 
planting to harvest (Leogrande et al., 2016; Nagaz et al., 
2016).

WPirrig kg m−3( )=  Ya   
I   (10)

where: Ya actual harvestable yield (Kg ha-1) and I is the 
irrigation water (m3 ha-1).

2.6 Statistical analysis

The normality of data (yield, irrigation water pro-
ductivity) was tested by Shapiro-Wilk test, following 
which the data was subjected to one-way ANOVA (irri-
gation level) conducted by MINITAB.14 software. Tuk-
ey’s test was used for comparing means estimated at 
p<0.05 probability level.

Evaluation of the accuracy and goodness of fit of 
model predictions were carried out by simple linear 
regression forced through the origin. Then, the perfor-

mance of the models was evaluated using different sta-
tistical indices: coefficient of determination (R2), Root 
Mean Square Error (RMSE), Mean Bias Error (MBE), 
Mean Absolut Error (MAE) and Efficiency coefficient 
(E).

RMSE = i=1

N∑ ETref −ETest( )2
N

 (11)

MBE = i=1

N∑ (ETref −ETest )
N

 (12)

MAE = i=1

N∑ ETref −ETaest

N
 (13)

E =1−   i=1

N∑ ETest − ETref( )2

i=1

N∑ ETref − ETref( )2  (14)

RMSE allow to determine the error with the same 
units of the original variable (Sabziparvar et al., 2016). 
MAE quantify the average absolute errors between ref-
erence and simulated data, whereas, MBE measure the 

Tab. 2. Values of input variables used for simulations in the FAO-56 model.
Tab. 2. Valori delle variabili di input usate per le simulazioni nel modello FAO – 56. 

Parameter Value Source

Soil water content at field capacity (m3m-3) 0.22 m
Soil water content at wilting point (m3m-3) 0.08 m
Available water (mm/m) 140 m
Depletion coefficient during initial stage (%) 20 e
Depletion coefficient after initial stage (%) 10 e
Total evaporable water, TEW (mm) 22 e
Readily evaporable water, REW (mm) 8 b1,b2

Effective depth of evaporable layer, Ze (m) 0.12 e,b1

Lengh of initial stage (day) 20 e,b1

Lengh of development stage (day) 30 e,b1

Lengh of midseason stage (day) 35 e,b1

Lengh of late stage (day) 30 e,b1

Basal crop coefficient at initial season, Kcb ini 0.15 b1

Basal crop coefficient at mid-season, Kcb mid 1.10 b1

Basal crop coefficient at late season, Kcb end 0.65 b1

Maximuim crop height (m) 0.6 m
Minimuim rooting depth (m) 0.07 m
Maximuim rooting depth (m) 0.35 m
Midseason average wind speed (m s-1) 1.3 m
Midseason relative humidity (%) 60 m

m: measured data; e: estimated from field data; b; obtained from bibliogra-
phy; 1: Allen et al. (1998), 2: Qui et al., (2015).
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average tendency of over or underestimation. Finally, 
E, is used to evaluate the predictive power of the model 
(Autovino et al., 2016). 

Values of RMSE and MAE can range from 0 to 
infinity (Alexandaris et al., 2008). However, the lower 
the values of RMSE and MAE, the better the agreement. 

There is no higher or lower bound of MBE. Values 
equal to 0 indicate that the model does not deviate from 
reference data, considered as true values. Positive MBE 
value indicates a certain underestimation of the con-
sidered variables and negative value corresponds to an 
overestimation (Negm et al., 2017).

E can vary between -∞ and 1. E=1 correspond to 
perfect fit between model and reference data (Rinaldi 
et al., 2011). Values between 0 and 1 are generally con-
sidered as an acceptable level of performance, and val-
ues lower than 0 indicate that the mean reference value 
predicts better than the model, indicating its unaccepta-
ble performance (Maulé et al., 2006; Marti et al., 2015; 
Autovino et al., 2016).

3. RESULTS 

Fig. 1 shows the temporal dynamics of daily aver-
age air Temperature, Tavg, vapor pressure deficit, VPD, 
short radiation, Rs, and precipitation height. Initial anal-
ysis of the climatic variables showed that Tavg and VPD 
follow the same trend over time. During the experimen-
tal period, the Rs values increase progressively from 35 
to 47 MJ m-2 d-1. However, reductions in Rs values were 
occurred during rainy events and cloudy days.

The total irrigation volumes applied during the pota-
to cropping cycle, final yield and the Irrigation water 
productivity for both treatments are reported in Tab. 3. 
Potato yield varied widely with irrigation amount. In 
fact, higher yield (28.94  t/ha) was observed under full 
irrigation treatment, while, reducing irrigation volume 
by around 50%, resulted in a significant yield decrease of 
about 36%. Regarding irrigation water productivity, no 
significant difference was observed between both treat-
ments.

Dynamic of daily reference evapotranspiration esti-
mated by different models are depicted in Fig. 2. At the 
begin of the experiment (begin of Mars), the values of 
ET0 were not very high, varying from 2.5 to 5.5 mm d-1 
respectively for Hargreaves-Samani and Hansen meth-
ods. From the second decade of April, an important 
increase in term of ET0 were registered with all con-
sidered methods. The highest values were attributed to 
Hansen and Turc approaches. Excluding Hargreaves 
Samani model, the increase of ET0 can be explained by 

the combining effect of hot temperature and solar radia-
tion during all the investigation period.

Regarding its reliable estimations, the FAO-56 PM 
results were considered as the benchmark for compari-
son with the investigated daily ET0 methods. The sta-
tistical results, based on the slope of the regression line, 
R2, RMSE and MBE, are summarized in Tab.  4. With 
reference to the regression equations, the Makkink and 
Priestly-Taylor methods resulted in a slope values close 
to the unity (1.14 and 1.18 respectively) showing the 
best predicted values. Except for Hargreaves-Samani 
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Fig. 1. a) average air Temperature, Tavg (left y-axis), and vapor 
pressure deficit, VPD (right y-axis); b) short radiation, Rs (left 
y-axis), Precipitation, P (right y-axis).
Fig. 1. a) Temperatura media dell’aria, Tavg (sinistra - asse y), defi-
cit di pressione di vapore, VPD (destra – asse y); b) radiazione a 
onde corte, Rs (sinistra - asse y), Precipitazioni, P (destra - asse y).

Tab. 3. Potato total irrigations amount, yield and WPirrig.
Tab. 3. Quantità totale di irrigazione, resa e  WPirrig nelle patate.

Treatment Water supply 
(mm)

Yield  
(t/ha)

WPirrig  
(kg/m3)

Full irrigation 258.9 ± 8.8 28.94 ± 1.78 11.20 ± 1.03
Deficit irrigation 133.15 ± 5.6 18.44 ± 1.83 13.96 ± 1.92
Significance level ** n.s

**= significant at the p≤ 0.01; n.s.= not significant.
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and Irmak models, the used alternatives are strongly 
correlated with the FAO-56 PM method with R2 values 
higher than 0.79. The RMSE values ranged between 0.93 
and 1.86  mm  d-1 respectively for Makkink and Hansen 
methods. Statistically, the RMSE associated to Makkink 
and Priestly-Taylor models were the most satisfactory 
and equal to 0.93 and 1.04 mm d-1, indicating that these 
models yielded the lowest mean deviation from ET0 

values computed with FAO-56  PM method. On aver-
age, all ET0 methods show negative MBE indicating an 
overestimation of ET0 values during the springer season. 
The greatest overestimation (MBE= -1.76  mm  d-1) was 
obtained with Hansen method, giving the worst esti-
mates among all the considered methods. Makkink and 
Pristley-Taylor models produced the lowest overestima-
tions (MBE= -0.77 and -0.89 mm d-1 respectively) show-
ing the best estimates among all the considered meth-
ods. However, an unsatisfactory underestimation was 
obtained for daily ET0 computed by HgS method with 
an MBE value equal to 1.21 mm d-1. Considering the sta-
tistical results and the linear regressions achieved in this 
study, it is concluded, in decreasing order, that Makkink, 
Pristley Taylor, and Turc alternatives are the most prom-
ising equations that could be used to estimate ET0 when 
climatic data are limited. 

The used and calibrated parameters of the FAO-56 
model are given in Tab. 2.

The daily values of ET0 computed by different meth-
ods were finally used as input in the calibrated FAO-56 
model in order to assess their impact on actual evapo-
transpiration for a potato crop. The comparisons among 
actual evapotranspiration values simulated by the FAO-
56 model by considering separately each investigated 
ET0 method against their corresponding obtained by 
the simplified water balance model are shown in Fig. 3. 
As can be noticed from the graphs, the estimated values 
were in line with the corresponding measurements, with 
the slope of the regression line forced through the ori-
gin varying from 1 to 1.06 respectively for Hansen and 
Hargreaves-Samani model.

Despite a certain difference between measured and 
estimated ETa values, the performance of the considered 
ET0 methods to estimate actual evapotranspiration were 
assessed through statistical descriptors (Tab. 5). In fact, 
all investigated methods are fairly well correlated with 
the simplified water balance model measurements with 
an R2 values greater than 0.7. Except for Hansen model, 
all methods have a negative mean bias errors indicating 
that the FAO-56 model tend to overestimate ETa. As can 
be noticed from Tab. 5, the FAO-56 PM approach shows 
the best performance with an R2 and efficiency coeffi-
cient (E) values of 0.82 and 0.79 and an RMSE and MAE 
values of 0.49 and 0.36 mm d-1 respectively. However, a 
further and more detailed analysis evidenced that, Har-
greaves-Samani, Priestly-Taylor and Makkink approach-
es can be used, in such conditions and studies, when 
climatic data are missing. These methods provide also 
satisfactory results with an RMSE values varying from 
0.55 to 0.61 and MBE values ranging between 0.40 and 
0.44 mm d- 1.
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Fig. 2. Temporal patterns of daily reference evapotranspiration esti-
mated by different models.
Fig. 2. Andamenti giornalieri della evapotraspirazione di riferimen-
to stimata da diversi modelli.

Tab. 4. Statistical indicators computed by comparing daily reference 
evapotranspiration values estimated with the different methods 
against their corresponding standardized FAO-56 PM values.
Tab. 4. Indicatori statistici calcolati confrontando i valori di 
evapotraspirazione di riferimento giornalieri stimati con i diversi 
metodi con i corrispondenti valori standardizzati di FAO-56 PM.

Methods HgS PT Turc IK Mak Hsn

Slope (-) 0.75 1.18 1.23 1.20 1.14 1.33
R2 (-) 0.54 0.89 0.87 0.60 0.80 0.79

RMSE (mm d-1) 1.49 1.04 1.27 1.26 0.93 1.86
MBE (mm d-1) 1.21 -0.89 -1.19 -1.13 -0.77 -1.76
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Fig. 3. Scatterplots of comparison between measured and estimated daily actual evapotranspiration under full (open circle) and deficit 
(filled circle) irrigation treatments.
Fig. 3. Confronto tra l’evapotraspirazione reale giornaliera misurata e quella stimata nei trattamenti di piena irrigazione (tondo aperto) e 
irrigazione di soccorso (tondo chiuso).
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4. DISCUSSION

A yield reduction of 36%, under deficit irriga-
tion, suggests that potato crop is moderately tolerant to 
the considered water stress level. As it is known, yield 
decrease depends on degree, duration and timing of the 
imposed water stress (Tari, 2016). Therefore, deficit irri-
gation may be adopted, especially under circumstances 
of restricted water resources. However, reduction in yield 
can be avoided by regulating the applied water amount 
during the most sensitive stage of crop growth to water 
deficiencies.

Under full irrigation treatment, the obtained water 
productivity value (11.2  kg/m3) falls within the range 
of variability of irrigation water productivity, for potato 
crop, proposed by Steduto et al. (2012). In our case, even 
it is not statistically different, the higher WPirrig value is 
associated with the lower yield (18.44  t/ha). Meanwhile, 
the high WPirrig are of little interest if they are not asso-
ciated with high or acceptable yield (Ali et al., 2007). 

In fact, the FAO-56 PM ET0 method has been 
proven to accurately estimate reference evapotranspi-
ration under different climatic conditions (Allen et al., 
1998; Er-Raki et al., 2010; Minacapilli et al., 2015). As 
described by Fisher et al., (2005), the accuracy of FAO-
56 PM to estimate ET0 is related to the fact that this 
method simulate well the aerodynamic component, 
while it is not the case for the other models. All the 
investigated ET0 alternatives resulted in relatively simi-
lar simulations due to the common theoretical basis of 
their equations. Except for Hargreaves Samani model, 
all the considered methods required solar radiation 
data as input to accurately estimate ET0. Thus, they are 
classified as radiation based methods. Considering the 
results achieved in this study, it is concluded that, Mak-
kink, Pristley Taylor, and Turc approaches can be used 
as efficient alternatives to estimate ET0 while Hargreaves 

Samani model is not well appropriate in such conditions. 
The accuracy of both Makkink and Priestley-Taylor 
methods may be related to the fact that these two meth-
ods are established based on a modification of the origi-
nal Penman equation. These results are consistent with 
those previously published by Minacapilli et al. (2015) 
who, evaluated in Southern Italy, the performance of 
seven ET0 methods against ET0 measurements acquired 
with a laser scintillometer. The authors found relatively 
the same rank of models suitability when the FAO-56 
formulations are excluded. In the same context, results 
obtained by Er-Raki et al. (2010), for assessment of ET0 
estimation methods using climatic data generated from 
ALADIN model, showed that the reliability of Priest-
ley-Taylor and Makkink models is much higher under 
humid conditions. Therefore, the accuracy of these 
approaches, in our conditions, may accorded to the clos-
est position of the study area to the sea where relative 
humidity are relatively high.

The mentioned suggestion is confirmed by the accu-
racy estimations accorded to Turc approach and the low-
est performance achieved by HgS model. In fact, Tabari 
(2009); Trajkovic and Kolakovic, (2009), found that 
Turc model is suitable to provide satisfactory estimates 
of ET0 in humid conditions. Our findings are in good 
agreement with those obtained by Kashypa and Panda, 
(2001), who revealed that Hargreaves model is not to be 
recommended under sub-humid climatic regions. More-
over, the performances of HgS model achieved in our 
study, are considered below level when compared with 
results previously published, in semi-arid conditions, 
by Jabloun and Sahli, (2008) and Gavilàn et al. (2006). 
The authors found high correlation in the comparison 
between HgS and FAO-56 PM methods applied in dif-
ferent regions in Tunisia and Southern Spain respec-
tively. It is worth mentioning that their results were also 
achieved using on ground climatic data. Hence, as rec-
ommended by Raziei et al. (2013), a local calibration of 
Hargreaves coefficient (Krs) is required to improve its 
accuracy. Nevertheless, the suitability of Hargreaves-
Samani approach may vary according to the season.

In the previous sections, the suitability of the FAO-
56 model to predict actual evapotranspiration was veri-
fied according to water balance measurements during 
the investigation period. However, a little overestima-
tion of ET by about 3.5% was shown with the model 
results. This mismatch may be the result of measure-
ment errors of rooting depth, Zr, generated by the used 
method that doesn’t reflect the architectural distribution 
of roots in soil profile. Meanwhile, the bucket models are 
very sensitive to this parameter (Er-Raki et al., 2008). In 
fact, higher Zr values causes an increase of TAW within 

Tab. 5. Statistical indicators computed by comparing daily meas-
ured and estimated actual evapotranspiration.
Tab. 5. Indicatori statistici calcolati confrontando l’evapotraspira-
zione effettiva misurata quotidianamente e stimata.

Method R2 

(-)
MBE 

(mm d-1)
RMSE 

(mm d-1)
MAE 

(mm d-1)
E 

(-)

FAO56 PM 0.82 -0.08 0.49 0.36 0.79
HgS 0.73 -0.23 0.55 0.40 0.73
PT 0.76 -0.04 0.60 0.43 0.68

Turc 0.75 -0.01 0.63 0.47 0.65
Ik 0.75 -0.01 0.62 0.46 0.66

Mak 0.75 -0.04 0.61 0.44 0.67
Hsn 0.74 0.03 0.66 0.49 0.62



31Assessment of different methods for simulating actual evapotranspiration in a semi-arid environment

the root zone and consequentially an increments of Ks 
values (Rallo et al., 2014). Additionally, Er-Raki et al. 
(2008), showed that not only the rooting depth can affect 
the outputs of FAO-56 model, but also inappropriate 
depletion factor leads to an overestimation of Ks values.

The results of simulations revealed that the FAO-56 
PM method provides the best performance, compared 
to measured actual evapotranspiration values, followed 
by Hargreaves-Samani, Priestley Taylor, Makkink and 
Turc results. These results are relatively consistent with 
those recently published by Minacapilli et al. (2015), 
who assessed the performance of different ET0 meth-
ods forced as input in the FAO-56 model, on estimating 
actual evapotranspiration for an olive grove in Southern 
Italy. They showed that, the considered methodologies 
provide satisfactory estimated values when compared to 
FAO56-PM results with according the best performance 
to Priestly Taylor method so far as daily ET0 estimation 
is concerned. Er-Raki et al. (2011), evaluated the suitabil-
ity of four different reference evapotranspiration model 
to estimate actual evapotranspiration of winter wheat 
crop, conducted in semi-arid region in Morocco, using 
the simple Kc approach. The authors found that the Har-
greaves-Samani method is the most appropriate model 
to estimate actual evapotranspiration when compared to 
results obtained by either FAO-Penman Monteith meth-
od or Eddy Covariance measurements. Moreover, the 
suitability of Priestly-Taylor and Makkink model were 
proven under different climatic conditions and time 
scales. In this way, Xu and Chen (2005) assessed the 
performance of different evapotranspiration models in 
water balance studies against lysimeter measurement in 
Germany. They inferred that, for the calculation of actu-
al evapotranspiration at monthly and seasonal scale, the 
Makkink model perform better than the other methods. 
However, at yearly scale, the Priestly Taylor can be also 
used as an efficient alternative with a mean annual error 
less than 5%. They reported that performances of the 
investigated methods can be improved by a local calibra-
tion of the parameter values used for each model.

Despite its limited accuracy to estimate ET0, the 
HgS method provides reliable estimations of actual 
evapotranspiration when it is used as input in the FAO-
56 model. In fact, the obtained results could be due to 
the over-predictions generated by the FAO-56 mod-
el associated to the decrease of the soil water content 
through the investigated season. Thus a more precise 
parameterization of the FAO 56 dual approach model in 
order to improve both the estimation of the evaporation 
and transpiration rates is recommended.

5. CONCLUSION

Results of this study suggest that deficit irrigation, 
allows about 50% of water saving, can be considered an 
appropriate strategy under limited water circumstances. 
In addition, several reference evapotranspiration models 
were assessed through comparison with the FAO-56 PM 
results. This kind of studies is interesting, when climatic 
data required for computing PM ET0 are lacking. Thus, 
evaluating the suitability of different simplified methods 
characterized by limited input data is required. Based on 
RMSE, MAE, and linear regression analysis, the Mak-
kink, Priestly-Taylor and Turc methods showed the best 
performances, for this particular study area, so far as 
daily ET0 estimation is concerned. However, the per-
formances of these methods can be improved by a local 
coefficients calibration. Furthermore, the FAO-56 model 
was calibrated and used to simulate actual evapotranspi-
ration of potato crop. The model simulations agreed well 
with their corresponding measurements based on water 
balance method.

This paper also evaluates the performance of the 
different alternatives of estimating ET0, forced as input 
in the calibrated FAO-56 model, on predicting actual 
evapotranspiration of potato crop under full and limit-
ed water conditions. Exploring the results of the model 
and the water balance measurements, it can be conclud-
ed that the FAO-56 model slightly over-predict actual 
evapotranspiration. Despite its over-predictions, the 
highest accuracy of the model is achieved when ET0 val-
ues computed by the FAO-56 PM method are forced as 
input in the model. Although the lowest accuracy of HgS 
model to estimate ET0, this model provides satisfactory 
results in term of actual evapotranspiration. Addition-
ally, the performances of Priestly Taylor, Makkink and 
Turc approaches to estimate reference and actual evapo-
transpiration have been emphasized. Therefore, it is fea-
sible to affirm that these methods are considered most 
appropriate for applying in such study area conditions. 
Nevertheless, in order to obtain more suitable results, an 
improvement of the FAO-56 model functions is recom-
mended.
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Abstract. Climate variability and extreme weather events, especially droughts, floods, 
hailstorms, low temperatures with frost and heat waves have significant negative effects 
on agriculture in Slovenia and increase its vulnerability. This study took into account 
the concept of vulnerability of the International Panel on Climate Change. The index 
of climate vulnerability of agriculture was developed on the basis of three indicators: 
exposure (climate variability and extreme weather events), sensitivity (threats due to 
natural conditions, changes in agriculture, vitality of the population) and adaptive 
capacity (income, sustainable management and natural resources). Climate vulnerabil-
ity of agriculture was quantitatively analyzed with vulnerability indicators through the 
statistical regions of the Republic of Slovenia, and thus contributed to the regionally 
oriented approaches that seek to answer the challenges of climate vulnerability of agri-
culture in Slovenia. The results show higher climate vulnerability of agriculture in the 
western and central Slovenia and lower vulnerability in the eastern and northeastern 
part of the country.

Keywords. Climate change, vulnerability index, exposure, sensitivity, adaptive capacity. 

Abstract. La variabilità climatica e gli eventi meteorologici estremi, specialmente la 
siccità, le alluvioni, le tempeste, l’abbassamento di temperature per le gelate e le onda-
te di calore, hanno effetti signifcativamente negativi per l’agricoltura in Slovenia ed 
aumentano la sua vulnerabilità. Questo studio ha preso in considerazione il concetto 
di vulnerabilità proposto dal IPCC. L’indice di vulnerabilità climatica dell’agricoltura 
è stato sviluppato sulla base di 3 indicatori: esposizione (variabilità climatica ed even-
ti meteo estemi), sensibilità (minaccia dovuta a condizioni naturali, cambiamenti in 
agricoltura, vitalità della popolazione) e capacità di adattamento (reddito, conduzione 
sostenibile e risorse naturali). La vulnerabilità climatica dell’agricoltura è stata analiz-
zata quantitativamente con indicatori nelle regioni della Slovenia, e così ha contribuito 
agli approcci orientati regionalmente che cercano di rispondere alle sfide della vulnera-



36 Doroteja Kociper, Katja Vintar Mally, Lučka Kajfež Bogataj

bilità climatica dell’agricoltura in Slovenia. I risultati mostrano una più alta vulnerabilità climatica dell’agricoltura nell’ovest e centro 
della Slovenia e una minore nella parte est e nordest del paese. 

Parole chiave. Cambiamento climatico, indice di vulnerabilità, esposizione, sensibilità, capacità di adattamento. 

1. INTRODUCTION

Climate change has been scientifically confirmed 
and represents a challenge for the professional and gen-
eral public to reflect on what can be expected in the 
future (Sušnik, 2014). Agricultural production is highly 
dependent on weather and consequently highly vulner-
able in terms of climate change, mostly due to extreme 
weather, including droughts, floods, hailstorms and also 
low temperatures with frosts and heat waves (Antle, 
1996). Slovenia is extremely diverse in terms of climate, 
it is located at the juncture of Alpine, continental and 
Mediterranean climate, and it is therefore necessary to 
interpret the trend of climate change with the complex-
ity of the climate in each region (de Luis et al., 2014). 
Climate change will affect agriculture in many ways; the 
physiology of cultivated crops and animals, and the phe-
nology and adaptability of organisms will be changed. 
Climate change will affect livestock production directly 
and indirectly, mainly through changes in pastures and 
grazing and through health and nutrition of livestock 
(Kajfež Bogataj 2005). Among the rare, seemingly posi-
tive influences, the increase in air temperature will result 
in spatial changes in agricultural production: upward 
shift of vegetation belts, change in the extent of cultivat-
ed land - the improvement in thermal characteristics of 
previously cold areas, deterioration of characteristics of 
already flooded areas, movement of arable land to higher 
positions etc. (Olesen and Bindi, 2002).

The climate scenarios for the two upcoming 30-year 
periods: the near future (2011-2040) and mid-centu-
ry (2041-2070) ones show that continued warming is 
expected in Slovenia in the future. In the next thirty 
years, the annual mean air temperature is expected to 
increase by 1 °C, and an additional degree in the fol-
lowing period. For precipitation, climate scenarios show 
greater uncertainty, but signals with a shift to the future 
are increasing. At the annual level, the changes are only 
visible in the second 30-year period (2041-2070) when 
the amount of precipitation should increase in the east-
ern half of Slovenia. At the seasonal level, the changes 
are already reflected in the first 30-year period. In win-
ter period, the amount of precipitation is expected to 
increase, and it will decrease in the summer. In the sec-
ond 30-year period, this signal is intensifying. Changes 
in potential evapotranspiration in the first 30-year peri-

od should not be significant. In the next thirty years, 
there is an increase in potential evapotranspiration, 
especially in the summer and autumn (EEA, 2017). Slo-
venia is already facing extreme weather events that are 
causing devastation in agriculture, and with further 
changes these events will be even more frequent and 
more pronounced, and the climate vulnerability in agri-
culture will increase. Climate changes are also represent-
ed by trends of meteorological variables (i.e. mean tem-
perature), not only by extreme events. These will affect 
the population, especially at local and regional levels. 
Due to these events it is important to plan adaptations 
of potential scenarios of change at regional and local 
level (El Gafy and Grigg, 2016). The present study aims 
at supporting the planning of adaptation by developing 
indicators of climate vulnerability of Slovenian agricul-
ture. The assessment of climate vulnerability of agri-
culture is presented through all 12 statistical regions of 
Slovenia (i.e. regions at NUTS 3 level) which are Mura, 
Drava, Carinthia, Savinja, Central Sava, Lower Sava, 
Southeast Slovenia, Littoral–Inner Carniola, Central 
Slovenia, Upper Carniola, Gorizia and Coastal–Karst 
region.

A wide spectrum of different scientific fields uses 
the term vulnerability (such as economics, anthropol-
ogy, sociology and philosophy), it is also commonly used 
term in the field of climate change. The International 
Panel on Climate Change (hereinafter: IPCC) interprets 
vulnerability as a link, function of exposure, sensitiv-
ity, and adaptive capacity (McCarthy et al., 2001). In a 
broader sense (Adger, 1999), the term vulnerability of a 
system, community or individual is related to the ability 
to cope with the problem. Sociologists and climatologists 
understand very different phenomena under the term 
vulnerability. Sociological vulnerability is a set of socio-
economic factors that determine the ability of people 
to cope with stress or change (Allen, 2003). Most often, 
vulnerability is interpreted as an integrated concept 
linking the social and biophysical dimensions of envi-
ronmental change (Turner et al., 2003). Fellmann (2012) 
defines vulnerability as a function of some variable, 
intensity, extent of climate change and the degree of sys-
tem’s (eg. region’s) exposure, the sensitivity of the system 
and its adaptive capacity. Various definitions of climate 
vulnerability derive from various interpretations of cli-



37Climate vulnerability of agriculture in statistical regions of Slovenia

mate change (O’Brian et al., 2013) and various political 
responses to them (Demerritt, 2001; Forsyth, 2003). The 
vulnerability is not affected only by the change in the 
natural and social environment, but also by changes in 
social, economic, technological and other structures and 
processes so-called contextual state according to O’Brien 
et al. (2013). Vulnerability is interpreted as a negative 
state of a unit that is exposed to the consequences of cli-
mate change, and this situation can be quantified and 
improved. Vulnerability cannot be quantitatively meas-
ured as it is influenced by a wide range of factors and 
conditions. According to definitions of many authors 
dealing with the topic of vulnerability and climate 
change, the main parameters of vulnerability are: stress, 
which the system is exposed to, the sensitivity of the sys-
tem and adaptive capacity of the system (e.g. regions, 
agriculture) to climate change (Adger, 2006). 

The assessment of climate vulnerability represents 
an important basis for the development of guidelines 
for adaptation to climate factors in agriculture and for 
the development of appropriate policies for each statis-
tical region and Slovenia as a whole. The assessment of 
vulnerability is complex and involves social, environ-
mental and economic factors and is a prerequisite for 
the development of sustainable, low emission plans and 
strategies (Jun et al., 2013). It also becomes an important 
assessment of vulnerability at local levels due to natural 
geographical and socio-economic differences between 
regions (Jun et al., 2013). The adaptation of agriculture 
to extreme weather events is related not only with the 
decisions and measures of a particular farmer, but also 
with agricultural policy, market mechanisms and devel-
opment and technological research (Kajfež Bogataj, 
2005).

2. MATERIALS AND METHODS

2.1 Selection of conceptual framework of vulnerability

Individual vulnerability definitions describe indi-
vidual vulnerability components, while the conceptual 
framework gives meaning to definitions so that they 
can be analysed according to the analytical context. Our 
approach is based on the definition of the IPCC (Parry 
et al., 2007), according to which vulnerability to climate 
change is the degree to which geophysical, biological and 
socio-economic systems are susceptible to the negative 
impacts of climate change and can not cope with them. 
The system that is being dealt with is agriculture in the 
region. This means that the system is vulnerable if it is 
exposed and sensitive to the effects of climate change, 
but at the same time it has only limited adaptive capac-

ity. Contrary to this, the system is less vulnerable when 
being less exposed, less sensitive, or has a strong adap-
tive capacity. Exposure refers to the nature and extent 
to which the system is exposed to significant climate 
change (McCarthy et al., 2001). Exposure is represented 
by the climatic conditions and stimuli to which the sys-
tem responds, and any changes in these conditions. Sen-
sitivity means the degree of responsiveness of the system 
to climate change. The response to climate change can 
be as useful as it is also harmful to climate variability 
(O’Brian et al., 2004). The effect may be direct (a change 
in crop in response to a change in average temperature, 
range or temperature variability) or indirect (damage 
caused by an increase in the frequency of floods) (Parry 
et al., 2007). Sensitivity reflects the system’s responsive-
ness to climate impacts and the extent to which climate 
change could be affected in its current form. Thus, the 
sensitive system is highly responsive to the climate and 
severely affected by moderate degree of climate change. 
Adaptive capacity is defined as the ability (or potential) 
of the system to successfully adapt to climate change 
(including climate and extreme variability), reducing 
potential damage, exploiting opportunities and/or man-
aging the consequences (Füssel and Klein, 2006). Adap-
tive capacity involves the adaptation of both behavior 
and resources (Adger et al., 2007) and can be thoroughly 
managed by human action’s, which affects the biophysi-
cal and social elements of the system (Edenhofer et al., 
2014).

2.2 Research area

The index and indicators of climate vulnerability of 
agriculture are shown at the level of spatial units of Slo-
venia (regions). Statistical regions of Slovenia represent 
units of the research area for which climate vulnerability 
of agriculture and its indicators were presented (expo-
sure, sensitivity and adaptive capacity), which were com-
pared and evaluated. In addition to cohesion regions and 
municipalities, the statistical regions of Slovenia are one 
of the territorial levels for which the Statistical Office of 
the Republic of Slovenia collects and presents statistical 
data. In 2016, Eastern Slovenia consisted of 8 statistical 
regions (Mura, Drava, Carinthia,   Savinja, Central Sava, 
Lower Sava, Southeastern Slovenia and Littoral–Inner 
Carniola). The Cohesion Region of Eastern Slovenia has 
an area of   12.212 km2 and represents 60.2% of the terri-
tory of the Republic of Slovenia. In 2016, it had 1.091.570 
inhabitants, representing 53% of the total population 
of Slovenia. Western Slovenia consists of 4 statistical 
regions (Central Slovenia, Upper Carniola, Gorizia and 
Coastal–Karst) with a total area of   8,061 km2, repre-
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senting 39.8% of the territory of the Republic of Slove-
nia. Population of western Slovenia represents 47% of 
Slovenia’s total population (2016, 972.671 inhabitants). 
Western Slovenia covers the most economically devel-
oped areas in the country. Gross domestic product per 
capita amounted to 119.5% of the Slovenian average. The 
services contributed 75% of gross added value. In the 
cohesion region of Eastern Slovenia, the gross domestic 
product per capita was 82.7% of the Slovenian average. 
It is characterized by agricultural activity as it includes 
more than 70% of agricultural holdings and the majority 
of agricultural land (Regije v številkah ..., 2016).

2.3 Selection and design of variables and indicators that 
build Climate vulnerability index of agriculture

Later on, indicators and sub-indicators were devel-
oped and selected variables were chosen. In the selec-
tion of variables, derivation was made from the specific 
characteristics of agriculture in Slovenia, taking into 
account the availability of data by statistical regions of 
Slovenia from various data sources, which are also pre-
sented in Table 1. When selecting and designing vari-
ables and indicators, the following fundamental ques-
tions were followed: What is vulnerable (system)? Agri-
culture in the region. What is agriculture exposed to 
(exposure indicator)? To climate variability and extreme 
weather events. Why is agriculture sensitive (sensitivity 
indicator)? Because of the threats due to natural condi-
tions, changes in agriculture, the vitality of the popula-
tion. How can the vulnerability of agriculture (adaptive 
capacity indicator)be reduced? With income, sustainable 
management and natural resources.

The entire set of data was limited to those that can be 
displayed at the level of statistical regions. Since the sta-
tistical regions of Slovenia are not equally large, nor the 
agricultural activity is evenly distributed, the variables 
were dealt with in relation to agriculture - if the variable 
does not specifically refer to the agricultural activity, for 
example, air temperature, the temperature was treated 
only on agricultural surfaces or at meteorological sta-
tions below 1000 m of altitude. When defining the tim-
ing of the variables, the most uniform period and the lat-
est available data were sought. Since this cannot always 
be achieved, some deviations also exist in the period 
1961-2016 that was under consideration. For climatic 
variables, longer time period (30-50 years) was used. For 
variables that show greater fluctuations within individu-
al years, the interest was also focused on a multiannual 
(e.g. 10-year) average or change. For variables that do not 
indicate significant fluctuations during years, particular 
interest was shown in the last situation, in our case this 

was 2016 and, exceptionally, also 2017. For each vari-
able, it was necessary to find an appropriate method of 
calculation and display by statistical regions. The source 
of data and preliminary methodological treatment and, 
consequently, data quality were also important in this 
part. For example, in the case of climate variables, bet-
ter quality data being those from meteorological stations 
of homogenized time series. Since these are limited to the 
last year of 2012, certain meteorological variables are not 
processed in the later period. A different treatment meth-
odology was also encountered, for example, of agricul-
tural land - once it was limited with an altitude of 1000 
m, the next time they were treated in the graphic display 
of actual use of agricultural and forest land (RABA) and 
then as agricultural land in use from register of agricul-
tural holdings (RKG).

When variables based on the available data were 
selected and developed, functional relationships between 
variables, indicators and vulnerability were determined, 
based on which the indicators and vulnerability across the 
statistical regions of Slovenia were evaluated (Table 1).

The selection and design of variables, the definition 
of mutual functional relationships between variables, 
indicators and vulnerability are important steps in the 
research, which are partially subjective. The choice itself 
also depends on the availability and quality of the data 
on which no influence was possible. Vintar Mally (2006) 
explains that, regardless of the scope of objective efforts, 
the choice of indicators (variables) is always at least part-
ly subjective, since their choice is based on the subjective 
belief of an individual or group that they are important 
for measuring a certain amount of sustainability, in our 
case vulnerability. Therefore, it is necessary to realize 
that the ideal indicators do not exist and the indicators 
used are only better or worse substitutes for those who 
should completely capture certain phenomena, states 
and processes at all stages of the research.

2.4 Methods for combining variables for forming a compos-
ite index (aggregation)

In international literature, several different 
approaches are used to create a composite index based 
on different indicators and their variables. Many authors 
are concerned with comparing different methods of 
forming a composite vulnerability index that includes 
different approaches of standardization, weighting and 
aggregation in order to show similarities and differences 
between them (Monterroso, 2012; Tonmoy et al., 2014; 
Yoon 2012; Žurovec et al., 2017). All authors note that 
the final results of the vulnerability assessment depend 
on the choice of methods.
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Tab. 1. Functional relationships of variables to vulnerability.
Tab. 1. Relazioni funzionali tra le variabili e la vulnerabilità.

Indicator Sub-indicator Variable *Functional 
relationship *Source

Exposure

Climate varaiability

Linear trend of average height of summer precipitation (%/decade), 1961–2011 - ARSO
Linear trend of average summer air temperature (°C/decade), 1961–2011 + ARSO
Linear trend of average summer potential evapotranspiration (%/decade), 

1971–2012 + ARSO

Standard deviation of average summer precipitation on agricultural land (mm), 
1981–2010 + ARSO, MKGP

Extreme weather 
events

75th percentile of summer meteorological water balance on agricultural land 
(mm), 1981–2010 - ARSO, MKGP

Average annual number of hot days, 1987–2016 + ARSO
Average annual amount of maximum daily precipitation (mm), 1987–2016 + ARSO

Average annual number of days with precipitation above 20 mm, 1987–2016 + ARSO
Average annual number of days with storms, 1987–2016 + ARSO

Weighted average of project wind speed on agricultural land (m/s), 1961–2006 + ARSO, MKGP
Average number of cold days in the spring, 1987–2016 + ARSO

Average number of frigid days in the spring, 1987–2016 + ARSO

Sensitivity

Threats due to natural 
conditions

Share of flood threatened agricultural land (%), 2017 + MKGP
Weighted average of plants of accessible water for 50 cm deep soil on 

agricultural land (mm), 1999–2017 - TIS/ICPVO, 
MKGP

Share of utilised agricultural area in less-favored areas for agricultural activity 
(%), 2016 + MKGP

Share of average annual damage due to weather-related natural hazards in 
average gross domestic product (%), 2009–2016 + SURS

Changes in 
agriculture

Index of growth in the number of employees in agricultural activity, 2016/2007 - SURS
Growth index of utilized agricultural area, 2016/2007 - SURS

Vitality of population
Average age of the manager of the agricultural holding (in years), 2016 + MKGP

Average age of members of the agricultural holdings (in years), 2016 + MKGP

Adaptive 
capacity

Income

Share of gross value added of agricultural activity in total gross value added 
(%), 2016 - SURS

Ratio between the standard income and the annual work unit of the agricultural 
(1000 EUR), 2016 - SURS

Share of agricultural holdings with supplementary farm activities (%), 2016 - MKGP
Ratio between average payments of agricultural policy measures and the 

average utilised agricultural area (1000 EUR/ha), 2007–2016 - MKGP

Sustainable 
management

Share of average annual investments for environmental protection in the 
average annual gross domestic product (%), 2007–2016 - SURS

Share of agricultural holdings with organic farming or in the state of conversion 
(%), 2016 - MKGP

Natural resources
Share of agricultural land with irrigation systems (%), 2017 - MKGP, DRSV

Ratio between the forest area and the number of inhabitants (ha/inh.), 2016 - SURS

*Functional relationship:
In the functional relationship between vulnerability and variable higher and positive values   of the variable in the + label mean higher vul-
nerability and in the – label lower vulnerability.
*Sources:
SEA – Slovenian Environmental Agency (ARSO – Agencija Republike Slovenije za okolje in proctor)
SIS/ICPEP – Soil Information System/Infrastructure Centre for Pedology and Environment Protection (Talni informacijski sistem/
Infrastrukturni center za pedologijo in varstvo okolja)
MAFF – Ministry of Agriculture, Forestry and Food (MKGP – Ministrstvo za kmetijstvo, gozdarstvo in prehrano)
SWA – Slovenian water agency (DRSV – Direkcija Republike Slovenije za vode)
SORS – Statistical Office of Republic of Slovenia (SURS – Statistični urad Republike Slovenije)
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2.4.1 Standardization of variables

The variables that build a common index and indi-
cators in our research derive from different areas (social, 
economic and environmental), and therefore have dif-
ferent units and scales. Data normalization is a very 
important step when it comes to the variables of differ-
ent units and scales. To ensure data comparability, the 
same measuring scale had to be used, in the interval 
between 0 and 1. Among the higher number of stand-
ardization methods, standardization proposed by UNDP 
for the calculation of the Human Development Index 
was selected. This methodology was also applied in the 
Balanced Development Index (Vintar Mally, 2011). In 
this respect, the methodology used to calculate the HDI 
before 2010 was followed. In 2010, unlike this method, 
it was calculated with an arithmetic mean, a geomet-
ric mean for the calculation of HDI, which is still used 
today (UNDP, 2018).

The variables were standardized according to the 
following equation:

Index  =   x − xmin
xmax − xmin

and for inverse ratios:

Index  =  1− x − xmin
xmax − xmin

⎛
⎝⎜

⎞
⎠⎟

Meaning: x - the value of the variable in the region, 
xmin - the minimum value of the variable (state or 
development in the country), xmax - the maximum val-
ue of the variable (state or development in the country).

In the next step, maximum and minimum values 
were set. According to Seljak (2001b), several solutions 
are possible for determining the lower and the upper 
limits of variables or limit referential values . When com-
paring the regions at a given time (state), the lowest val-
ue that appears in the observed row at the lower limit, 
and the highest value for the upper one can be observed, 
but this causes a problem in the interim comparison. 
When comparing changes in time (development), it is 
best to set the lower and upper limits as permanent. In 
our contribution, values   of each variable were always 
calculated for all statistical regions of Slovenia, meaning 
that for each variable, the maximum value is always the 
highest value of the variable among all the values   of the 
considered variable, and the same applies to the mini-
mum value.

2.4.2 Assigning weights to variables and indicators

In the design of composed index, problems arise 
with selection of appropriate weights to determine the 
comparative power of individual variables. The simplest 
approach is where all variables have the same weight 
(Seljak, 2001a). Thus, in this research, the same weight 
was assigned to each indicator and also to the variables 
that build the individual indicator. A simple unweighted 
average (arithmetic mean) of normalized variables was 
used for creating indicators and a simple average (arith-
metic mean) of indicators that form a composed vulner-
ability index. The most common method of assigning 
equal weights to variables was chosen according to inter-
national comparisons in the area of   the composite index 
of vulnerability (Aubrecht and Özceylan, 2013; Chow 
et al., 2012; Hahn et al., 2009; Heltberg and Bonch-
Osmolovskiy, 2010; Khajuria and Ravindranath, 2012; 
Krishnamurthy et al., 2014; Tomlinson et al., 2011; Yusuf 
and Francisco, 2009).

Average  indicator  =  
Variable  1+…+Variable  y( )

y

Y is the number of variables in an indicator.

CVA =  1
3
  EAC + SAC +AACi( )

The Climate vulnerability index of agriculture 
(CVA) is therefore 1/3 the exposure indicator of agricul-
ture to the climate (EAC) + the sensitivity indicator of 
agriculture to the climate (SAC) + the adaptive capacity 
indicator of agriculture to the climate inverse (AACi).

The average indicator represents the arithmetic 
mean of all variables that build the indicator. Vulner-
ability is the arithmetic mean of all three indicators - 
exposure, sensitivity and adaptive capacity. Finally, in 
the same way that variables and indicators were normal-
ized on a scale of 0 - 1, the same was done for final vul-
nerability index based on the average indices of individ-
ual indicators (exposure, sensitivity and adaptive capac-
ity). Several international studies use the same normaliz-
ing method and display the final vulnerability index on 
a scale of 0-1 or 0-100 (Ahsan and Warner, 2014; Khaju-
ria and Ravindranath, 2012; Krishnamurthy et al., 2014; 
Sugiarto et al., 2017; Yusuf and Francisco, 2009). In our 
survey, the lowest degree of vulnerability is represented 
by the value 0 and the highest with 1.
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2.5 Methods for calculating the variables for presentation 
by statistical regions

Data for the calculations of variables were obtained 
from various databases and sources in various forms. 
The types of data vary greatly, and they also receive dif-
ferent treatment. For example, SORS data require few-
er calculations since they are basically tabulated and 
already processed and sorted by region. On the other 
hand, raw data from the archives of the meteorological 
data of the SEA require much more caution and process-
ing to reach final results - a presentation by statistical 
regions of Slovenia. Likewise, more processing requires 
data and graphic layers that have to be addressed with 
the ESRI ArcGIS software (hereinafter: ArcGIS). In addi-
tion to the ArcGIS software, MS Excel 2016 (hereinafter: 
MS Excel) was used for calculations.

In most cases, an arithmetic mean is used for the 
average value. The variables are also shown in propor-
tions, ratios, indices, and the summer meteorological 
water balance as 75th percentile. In two cases, for plant-
accessible water and project wind speed, a weighted 
average was used when the individual values   have a dif-
ferent significance. The standard deviation is calculated 
for average precipitation using ArcGIS. The linear trend 
for each measuring station over a 10-year time period 
for precipitation variables, air temperature and poten-
tial evapotranspiration was calculated using the LINEST 
function within the MS Excel program with the least 
squares method.

3. RESULTS

3.1 Climate vulnerability of agriculture by statistical 
regions of Slovenia

The results of climate vulnerability of agriculture 
are at the level of statistical regions of Slovenia. Figure 1 
shows the sum of all three indicators that build the vul-
nerability of each statistical region. The higher the sum 
of indices, the higher the climate vulnerability of agri-
culture. In this case, adaptive capacity is inverse, since 
the individual indices of the indicators are added and 
adaptive capacity has an inverse (positive) value at the 
index value of 1.00. Figure 1 shows the impact of each 
indicator on vulnerability. Mura region, for example, 
has a higher sensitivity than the Upper Carniola and the 
Central Slovenia regions, but the total vulnerability of 
the Mura region is still lower, as it has the lowest expo-
sure. Each indicator contributes significantly to the over-
all vulnerability.

Table 2 shows the final values   of indices of individ-
ual indicators and vulnerability of the statistical regions 
in Slovenia. It was found that high exposure does not 
necessarily mean high sensitivity (Coastal–Karst region) 
or low adaptive capacity (Littoral–Inner Carniola 
region). The indicators are therefore independent of each 
other. The exposure of agriculture to the climate can be 
the highest and, at the same, time adaptive capacity can 
also be high (Gorizia region). Exposure may also be the 
lowest and there is still high sensitivity (Mura region). 
However, increasing vulnerability is exacerbated by 
increasing exposure and sensitivity and reducing adap-
tive capacity. The Central Sava region has the highest 
sensitivity (I = 1.00) and the lowest adaptive capacity (I 
= 0.00; I inverse = 1.00); therefore, the vulnerability is 
the highest (I = 1.00). The Savinja region does not have 
any extreme values. Since both exposure and sensitivity 
are low and adaptive capacity is very high which result-
ing in the lowest vulnerability (I = 0.00).

Figures 2-5 show the values   of the indices of expo-
sure, sensitivity, adaptive capacity and vulnerability 
according to the statistical regions of Slovenia. Index 
value 1.00 (green) means less exposure, less sensitivity, 
higher adaptive capacity and less vulnerability. Index 
value 0.00 (red) means the opposite.

Exposure index of agriculture to climate is con-
cerned with climate variability and extreme weather 
events and declines in west-east direction. From the 
Mura region, where it attains the lowest value (I = 0.00) 
to Gorizia region with the highest value (I = 1.00) (Fig-
ure 2). The exposure of agriculture to climate is low in 

Fig. 1. Climate vulnerability of agriculture as a function of all three 
indicators: exposure, sensitivity and adaptive capacity (inverse).
Fig. 1. Vulnerabilità climatica dell’agricoltura in funzione di 3 indi-
catori: esposizione, sensibilità e capacità di adattamento (opposto).
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the eastern part of Slovenia, which covers the Drava, 
Savinja, Carinthia in Lower Sava regions. In the central 
part of Slovenia (Upper Carniola, Central Sava, Central 
Slovenia in Southeast Slovenia), the exposure of agricul-
ture to the climate is medium. The western part of Slove-
nia has the highest exposure of agriculture to climate in 
the Coastal–Karst, Littoral–Inner Carniola and Gorizia 
regions. The latter has the highest value (I = 1.00).

The climate variability was determined by the fol-
lowing variables: linear trend of average height of sum-
mer precipitation (%/decade) in the period 1961-2011, 
linear trend of average summer air temperature (°C/
decade) in the period 1961-2011, linear trend of aver-
age summer potential evapotranspiration (%/decade) in 
the period 1971-2012 and the standard deviation of the 
average spring and summer precipitation on agricul-
tural land (mm) in the period 1981-2010. It was found 
that the linear trend of average height of summer pre-
cipitation is negative at the vast majority of the meas-
uring stations, which means that the summer precipi-
tation will decrease. This leads to a lack of water in the 
growing season and a greater climatic vulnerability of 
agriculture. The decline in the precipitation rate in west-
east direction is noticeable. Average values  by statistical 
regions of Slovenia in the period 1961-2011 range from 
-0.1 %/10 years in the Carinthian region up to -4.9 %/10 
years in the Coastal–Karst region. On the other hand, 
the linear trend of average summer air temperature 
increases at all measuring stations, which also affects the 
increased dryness. The eastern and south-eastern part 
of Slovenia is particularly exposed to the warming of 
the atmosphere. The average values   by statistical regions 
in the period 1961-2011 ranged from 0.4 °C/10 years in 

the Upper Carniola, Gorizia to 0.5 °C/10 years Coastal–
Karst regions. Linear trend of average summer potential 
evapotranspiration is also positive. So, evaporation is 
increasing which additionally affects the deficit of water. 
The southwestern part of Slovenia has the highest evapo-
ration rate. The average values  by regions in the period 
1971-2012 ranged from 3.7 % in the Upper Carniola 
region to 5.1 % in the Gorizia region. The highest varia-
bility of precipitation, which is shown with the standard 
deviation of average spring and summer precipitation 
on agricultural land, is represented in the northwest-
ern part of Slovenia, that is, in the area with the highest 
average precipitation values. The deviation values   range 
from 3.8 mm in the Central Sava region to 37.1 mm in 
the Gorizia region.

Extreme weather events have been identified with 
various variables that are related to a particular event. 
Drought is shown with two variables; these are the 75th 
percentile of the summer meteorological water balance 
on agricultural land (mm) in the period 1981-2016, and 
the average annual number of hot days in the period 
1987-2016. The average number of hot days varies from 
5.3 in the Upper Carniola region to 36.8 days in the 
Gorizia region. Hot days when the temperature reach-
es or exceeds 30 °C has negative effects on the growth 
and development of crop plants. The 75th percentile of 
summer meteorological water balance on agricultural 
land has a positive value in only three regions; in the 
Upper Carniola region, where the highest value reaches 
60.3 mm, and Carinthia and Gorizia, mainly because of 
higher precipitation. In all other regions, 75th percen-
tile of summer meteorological water balance is nega-
tive. The highest negative value is in the Coastal–Karst 

Tab. 2. Values of indices of exposure, sensitivity, adaptive capacity and vulnerability by statistical regions of Slovenia.
Tab. 2. Valori degli indici di esposizione, sensibilità, capacità di adattamento e vulnerabilità nelle regioni della Slovenia.

Statistical region Exposure index of 
agriculture to climate 

Sensitivity index of 
agriculture to climate

Adaptive capacity 
index of agriculture to 

climate

Adaptive capacity 
index of agriculture to 

climate (inverse)

Climate vulnerability 
index of agriculture

Mura 0.00 0.66 0.53 0.47 0.25
Drava 0.24 0.50 0.53 0.47 0.30
Carinthia 0.28 0.58 1.00 0.00 0.10
Savinja 0.37 0.23 0.93 0.07 0.00
Central Sava 0.49 1.00 0.00 1.00 1.00
Lower Sava 0.21 0.21 0.12 0.88 0.35
Southeast Slovenia 0.54 0.00 0.20 0.80 0.37
Central Slovenia 0.52 0.46 0.17 0.83 0.63
Upper Carniola 0.49 0.42 0.61 0.39 0.35
Littoral–Inner Carniola 0.89 1.00 0.74 0.26 0.81
Gorizia 1.00 0.72 0.70 0.30 0.74
Coastal–Karst 0.85 0.59 0.29 0.71 0.81
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region with -166.9 mm, which means high exposure to 
drought and thus higher vulnerability of agriculture. 
The flood as the second extreme weather event is defined 
by the average annual amount of the maximum daily 
precipitation (mm) in the period 1987-2016 and the aver-
age annual number of days with precipitation above 20 
mm during the same period 1987-2016. Like a drought 
with water scarcity, it has a negative impact on agricul-
ture as well, surplus water that causes damage to both 
crops and agricultural equipment. Both variables reach 
the highest values  in the northwestern, the mountain-
ous part of Slovenia. The average annual height of maxi-
mum daily precipitation varies from 49.6 mm in Mura 
to 123.0 mm in the Gorizia region. The average annual 
number of days with precipitation above 20 mm has the 
same pattern and range in the Mura region for at least 
10.0 days, while in Gorizia it is a maximum of 34.1 
days. Storms also have negative consequences in agri-
culture and increase climate vulnerability. It is shown 
with the average annual number of days with a storm in 
the period 1987-2016 and the weighted average of annu-
al project wind speed on agricultural land (m/s) in the 
period 1961-2006. Storm occurrence can also be trans-
ferred to the hail. In the area where storms are more fre-
quent, it is assumed that there is a greater likelihood of 
the occurrence of a hail, often accompanied by storms 
in Slovenia and destroying agricultural crops. Storms 
are typical for the whole area of   Slovenia, with the most 
frequent occurrences in the Carinthian region an aver-
age of 28.2 storm days per year, and the least frequent 
in the Posavje region with 18.3 days per year. Project 
wind speed is an extreme value, and that is why most 
of Slovenia achieves the same weighted average annual 
project wind speed on agricultural land, 20 m/s with a 
return period of 50 years at a height of 10 m. The south-
western part of Slovenia is the most exposed to strong 
winds, where the Coastal–Karst region attains the high-
est average speed of 29.2 m/s. Spring frost is particularly 
problematic in fruit cultivation and wine growing when 
temperatures drop below -2°C. This was associated with 
the average number of cold days and average number of 
frigid days with frost in spring in the period 1987-2016. 
The average number of frigid days in the spring, when 
the air temperature reaches or drops below -10°C, is the 
lowest in the Gorizia region, where frigid days are rarely 
recorded, and the highest in the Littoral–Inner Carniola 
region with 0.6 days. The average number of cold days in 
the spring, when the air temperature drops below 0°C, 
varies from 2.1 days in the Coastal–Karst region to 9.1 
days in the Upper Carniola region.

Sensitivity index of agriculture to climate concerned 
with threat due to natural conditions, changes in agri-

culture and the vitality of the population. Compared to 
exposure, the sensitivity pattern is somewhat different, 
and different index categories are distributed throughout 
Slovenia (Figure 3). The sensitivity index of agriculture 
to climate is the highest in the two regions, Central Sava 
and Littoral–Inner Carniola (I = 1.00), where agriculture 
is the most sensitive to the climate. Among the more 
sensitive (high sensitivity) are the Gorizia and Mura 
regions. The majority of statistical regions has medium 
sensitivity: the Coastal–Karst, Central Slovenia, Upper 
Carniola, Carinthia and Drava. The low sensitivity of 
agriculture to climate is in the Savinja and Lower Sava 
regions. The lowest sensitivity has Southeast Slovenia (I 
= 0.00).

The adaptive capacity index of agriculture to climate 
is concerned with income, sustainable management and 
natural resources. A certain pattern of allocation of cat-
egories of the index of adaptive capacity across Slovenia 
was detected (Figure 4). In the central and south-eastern 
part of Slovenia, agriculture has the least adaptive capac-
ity to the climate. The Central Sava (I = 0.00), Lower 
Sava, Central Slovenia and Southeast Slovenia, have very 
low adaptive capacity, and only Coastal–Karst region 
has low adaptive capacity. The Mura and Drava regions 
in the north-eastern part of the country have medium 
adaptive capacity, while the western part of Slovenia 
with the Upper Carniola, Gorizia and Littoral–Inner 
Carniola regions has a high adaptive capacity. Agricul-
ture is most capable of adapting to climate in the Savinja 
and Carinthia regions. The latter has the highest adap-
tive capacity (I = 1.00).

Climate vulnerability index of agriculture by statis-
tical regions of Slovenia (Figure 5) reflects the indicators 
of exposure, sensitivity and adaptive capacity of agricul-
ture to the climate. The demarcation between the more 
vulnerable western and central part of Slovenia and the 
less vulnerable eastern and northeastern part is evident. 
Each indicator has its own influence on the final vulner-
ability of the region (Figure 1). In the most vulnerable 
western and central part of Slovenia, Central Sava region 
(I = 1.00) has the highest vulnerability with the highest 
sensitivity (I = 1.00) and the lowest adaptive capacity (I 
= 0.00). The Coastal–Karst and Littoral–Inner Carniola 
regions, both with the same index value (I = 0.81), are 
also highly vulnerable (Table 2). The result in the Lit-
toral–Inner Carniola region is mainly due to the high-
est sensitivity (I = 1.00) and very high exposure, while 
in the Coastal–Karst region there are very high exposure 
and low adaptive capacity. Highly vulnerable regions 
are the Gorizia and Central Slovenia regions; Gorizia 
achieves the highest exposure (I = 1,00) and high sensi-
tivity, while the Central Slovenia has a very low adaptive 
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capacity. Medium vulnerability was not detected. The 
western part of Slovenia with the Upper Carniola region 
is less vulnerable. The lowest vulnerability is recorded 
in the Savinja and Carinthia regions. The Savinja region 
has the lowest index value (I = 0.00) mainly due to the 
very high adaptive capacity and low exposure and sen-
sitivity. Carinthia has very low vulnerability due to the 
highest adaptive capacity (I = 1.00) and low exposure. 
Most - five regions - are in the low vulnerability cat-
egory: Mura, Drava, Lower Sava, Southeast Slovenia and 
the Upper Carniola. The Mura region has the lowest (I = 
0.00), while the Drava and Lower Sava regions have very 
low exposure of agriculture to the climate. South-east-

ern Slovenia has the lowest sensitivity (I = 0.00), while 
the Upper Carniola region has the medium values   in all 
three indicators (Figure 5).

4. DISCUSSION

Agriculture in Slovenia has an important role in 
economy and urgently needs a proper policy, since more 
than half of the population lives in rural areas, and 
agricultural land occupies one third of all areas. For 
agricultural policy, the greatest challenge is to find the 
right balance between adjustment of agricultural pro-

Fig. 2. Exposure index of agriculture to climate by statistical 
regions of Slovenia.
Fig. 2. Indice di esposizione dell’agricoltura al clima nelle regioni 
della Slovenia.

Fig. 3. Sensitivity index of agriculture to climate by statistical 
regions of Slovenia.
Fig. 3. Indice di sensibilità dell’agricoltura al clima nelle regioni 
della Slovenia.

Fig. 4. Adaptive capacity index of agriculture to climate by statisti-
cal regions of Slovenia.
Fig. 4. Indice di capacità di adattabilità dell’agricoltura al clima 
nelle regioni della Slovenia. 

Fig. 5. Climate vulnerability index of agriculture by statistical 
regions of Slovenia.
Fig. 5. Indice di vulnerabilità climatica dell’agricoltura  regioni della 
Slovenia.
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duction and ensuring sufficient quantities of food and 
energy resources while reducing greenhouse gas emis-
sions. Agriculture is heavily affected by climate change. 
Natural disasters are becoming more frequent and thus 
increase the production and income risks of agriculture. 
The agro-meteorological profession can help in dealing 
with problems and challenges in agriculture through 
its monitoring. It is necessary to improve knowledge on 
climate and weather, to draw up plans to identify and 
manage risk in agriculture. However, proper adaptation 
is a long-term process. In future, production processes 
in agriculture will need to be explicitly linked to weather 
and climate informations (Kajfež Bogataj et al., 2003). 
Climate vulnerability assessments are carried out with 
the aim of helping policy makers to identify “hot spots” 
for allocating resources for adjustments, improving pub-
lic awareness of climate risks, monitoring the effects of 
adaptation measures and improving understanding of 
weaknesses in the socio-ecological system, leading to 
vulnerability (Tonmoy et al., 2014).

The Climate vulnerability index of agriculture in 
Slovenia was developed and was used to quantitatively 
evaluate the climate vulnerability of agriculture in all 
12 statistical regions of Slovenia. It is a composite index 
from three indicators: exposure, sensitivity and adaptive 
capapcity, 11 sub-indicators and 28 variables, taking into 
account the social, economic and environmental factors 
that interact with the climate vulnerability of agriculture 
in Slovenia. The results show that the climate vulnerabil-
ity of agriculture is the highest in the western and cen-
tral part of Slovenia. The most vulnerable are the Cen-
tral Sava region (I = 1.00) and the southwestern part of 
the country with the Littoral–Inner Carniola and Coast-
al–Karst region. Gorizia and Central Slovenia region are 
also highly vulnerable. In the northwestern part of Slo-
venia, with the Upper Carniola region, agriculture is less 
vulnerable to climate. Savinja (I = 0.00) and Carinthia 
regions are the least vulnerable. The low climate vulner-
ability of agriculture is present in most regions: South-
eastern Slovenia, Upper Carniola, Posavina, Drava and 
Mura regions. It can be assumed that vulnerability, with 
the increasing frequency of extreme weather events and 
climate variability, will continue to increase, and most 
likely to impact the most vulnerable regions.

The work included dealing with issues of selecting 
the concept of vulnerability, methods of work, selection 
of the area and variables that build indicators and vul-
nerability. The literature on vulnerability assessments of 
socio-ecological systems is very diverse due to numer-
ous quantitative and qualitative approaches. The vul-
nerability assessment based on indicators, which was 
used in this research, is one of the most common meth-

ods of assessment (Tonmoy et al., 2014). The study fol-
lows a deductive approach using theories, models and 
frameworks on climate vulnerability. Regardless of the 
approach, standardization, aggregation and weighting of 
indicators are an inevitable subjective process (Vincent, 
2004). In the development of the composite vulnerabil-
ity index, one of the fundamental problems is the choice 
of the aggregation method (Adger et al., 2004). Should 
the average value be used for the variables, or should 
the weights be assigned to the variables? If weights are 
used, how to determine them - by quantitative methods 
or by expert judgment? If weights are used, how can be 
taken into account the fact that the relative importance 
of vulnerability indicators varies by space and time? 
Experts’ opinions are different, Eakin and Bojorquez-
Tapia (2008) point out that the use of the same weights 
implies an implicit assessment of each variable and sug-
gests the equal weighting of variables as the simplest 
but at the same time acceptable process that is avail-
able to us. However, determining weights based on 
expert judgment, in which this was subjectively decided 
on the basis of our knowledge of the problem, this may 
cause disagreements within the profession. Quantita-
tive methods for determining weights are based on data 
variability which can represent an indicator with factor 
analysis and analysis of the main components. How-
ever, such approaches may be inadequate because they 
do not disclose the impact of each indicator on vulner-
ability (Hinkel, 2011). In this study, simple, unweighted 
averages of normalized variables were used, from which 
three main indicators were formulated (exposure, sensi-
tivity and adaptive capacity) and the vulnerability index 
from these indicators. As Tonmoy et al. (2014) found, 
the equal weights is the method most commonly used in 
similar research. Planners, researchers and other actors 
must take into account that the degree of uncertainty is 
incorporated into the methods of work that were used. 
The results can vary significantly with the use of differ-
ent methods. 

5. CONCLUSION

The development of Climate vulnerability index of 
agriculture attempts to fill an important research gap, 
since for Slovenia such index has not been construct-
ed yet. The main goal of the present research was the 
assessment of the climate vulnerability of agriculture to 
inform policy makers, farmers and researchers that it 
is necessary to reduce the risks associated with climate 
change. The assessment of the climate vulnerability 
of Slovenian agriculture was made in order to increase 
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understanding of climate-vulnerable systems such as 
agriculture, as the purpose is to encourage policy and 
research institutions to prioritize the regions where cli-
mate vulnerability is highest, and to develop strategies 
that reduce vulnerability. It is important to raise aware-
ness and encourage the agricultural holdings to imple-
ment agricultural practices that reduce vulnerability, but 
further research and analyzes of the climate vulnerabili-
ty of Slovenian agriculture is needed: monitoring climate 
and impacts on agriculture and planning measures at 
regional and national levels.

The results which show the assessment of the cli-
mate vulnerability of Slovenian agriculture are primarily 
intended for farmers and agricultural policy. Since this 
is a global problem, public awareness and participation 
of both national and international policies, better results 
in reducing climate vulnerability of agriculture can 
not be expected without further investment in climate 
change research. 

In order to better understand why agriculture is 
vulnerable to climate, further research, planning and 
engagement in practice is needed. Comparative research 
on the climate vulnerability of agriculture in Slovenia 
should be prepared and the new ways of assessing the 
climate vulnerability of agriculture should be sought. It 
is important to upgrade existing indicators in line with 
new developments in science. Further research and anal-
ysis of the agriculture climate vulnerability are encour-
aged: climate monitoring and impacts on agriculture 
and planning measures at regional and national level. 
Development of climate and socio-economic models, 
data for forecasting the future should also be includ-
ed in the assessment of vulnerability. It is necessary to 
establish a comprehensive and effective publicly acces-
sible geographic information system for monitoring the 
impact of climate change and the present/future climate 
vulnerability of agriculture. In order to achieve these 
goals, better availability and quality of publicly available 
environmental, social and economic data at the level of 
municipalities, regions and the state is essential. Geo-
graphic visualization can also be used for more trans-
parent evaluation meaning more relevant information 
for understanding where and how vulnerability occurs.
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Abstract. Soil heat flux (G) is an important component of energy balance by con-
straining the available amount of latent heat and sensible heat. There are many meth-
ods and formulations in the literature to estimate G accurately. In this study, widely 
used G estimation models are chosen to test. The models are based on Spectral Vegeta-
tion Indices (SVIs) namely, Normalized Difference Vegetation Index (NDVI), and Soil 
Adjusted Vegetation Index (SAVI) together with leaf area index (LAI), and crop height. 
Two successive growing periods of winter wheat (Triticum Aestivum L.), sunflower 
(Helianthus annuus L.), and maize (Zea mays L.) fields, located in the northwest part 
of Turkey, are used. Midday values (average of 09:30- 13:30) of G and net radiation 
(Rn) used in order to capture the time period, when G is proven to be much dominant. 
According to the results, overall the best relation obtained with an exponential NDVI 
model with a determination coefficient value of 0.83 and a root mean square (RMS) 
error value of 20.28 Wm-2 for maize. For winter wheat, G is predicted the best with 
SAVI based model (r2=0.74), and for sunflower, LAI based model worked best with 
0.75 r2 value. Crop height (CH) based nonlinear regression G model that suggested in 
this study worked better than linear models suggested in the literature with a better 
determination coefficient (r2=0.70) and a lower RMS error value (10.8 Wm-2). 

Keywords. Surface energy fluxes, Spectral Vegetation Indices, Bowen Ratio Energy 
Balance, Net Radiation.

Abstract. Il flusso termico nel suolo (G) è  una componente importante del bilancio 
di energia capace di limitare la quantità disponibile di calore latente e calore sensi-
bile. Ci sono molti metodi e formule in letteratura per estimare accuratamente G. In 
questo studio, i modelli di stima di G più utilizzati sono stati confrontati. I modelli 
sono basati sugli Indici di Vegetazione Spettrali (SVIs) chiamati Normalized Difference 
Vegetation Index (NDVI) e Soil Adjusted Vegetation Index (SAVI) insieme all’indice di 
area fogliare (LAI) e l’altezza della coltura. Due successivi cicli vegetativi del frumento 
(Triticum Aestivum L.), girasole (Helianthus annuus L.) e mais (Zea mays L.), coltivati 
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nella parte nordovest della Turchia, sono stati valutati. I valori presi a metà mattina (circa tra le ore 09:30-13:30) di G e radiazione 
netta (Rn) sono stati usati al fine di cogliere il momento in cui G raggiunge i valori più elevati. In accordo con i risultati, la migliore 
relazione complessiva ottenuta è con il modello di NDVI esponenziale con un coefficiente di determinazione di 0.83 e un valore 
quadratico medio (RMS) di 20.28 W m-2 per il mais. Per il frumento, G è stato predetto meglio con il modello SAVI (r2=0.74) e per 
il girasole, il modello basato sul LAI ha funzionato meglio con un valore di 0.75 r2. Il modello G di regressione non lineare basato 
sull’altezza della coltura (CH) proposto in questo studio ha lavorato meglio che il modello lineare suggerito in letteratura con un 
migliore coefficiente di determinazione (r2=0.70) e un più basso errore RMS (10.8 Wm-2). 

Parole chiave. Flussi di energia superficiale, Indici spettrali di vegetazione, Bowen Ratio Energy Balance, Radiazione netta.

1. INTRODUCTION

Soil (ground) heat f lux (G), is known to be the 
smallest component of the earth’s energy balance and 
widely assumed to be negligible. However, it has been 
proven that G is an essential component regarding land 
surface energy dynamics, especially during the day-
time, almost for all ecosystems (Dugas et al., 1996; Kus-
tas et al., 2000; Murray and Verhoef, 2007a). For a very 
well irrigated and fully covered vegetation surfaces, it is 
reported to be of the same order as sensible heat flux (H) 
(Kustas and Daughtry, 1990; Clothier et al., 1986). For 
dry soil surfaces, G is as high as almost up to 50% (Idso 
et al., 1975) and for forests, it is 30-50% of net radia-
tion (Ogee et al., 2001). In addition, for relatively sparse 
vegetation, G may grow into a meaningful component 
(Kustas et al., 2000) and surpass others during the night 
(Murray and Verhoef, 2007a). Although occasionally 
neglected in daily evapotranspiration (ET) models,  for 
much frequent ET estimations (e.g. 30 mins, hourly, etc.) 
and for sparse vegetation cover, G’s contribution has 
been demonstrated to be significant (Kumar and Rao, 
1984; Payero et al., 2003, Payero et al., 2005). Obtaining 
G, correctly, is crucial to understand the energy balance 
thoroughly. 

Besides various measurement techniques, there are 
several methods to estimate G which depend on soil 
thermal properties and diurnal variation of soil surface 
temperature, weather data, and soil properties (e.g., Ver-
hoef 2004; Murray and Verhoef 2007a and b; Núñez et 
al., 2010; Verhoef et al., 2012; Van der Tol 2012; Wang 
and Bras 1999; Hsieh et al. 2009).  As an alternative, 
there are several empirical G estimation equations for 
different types of crops at different locations, in which 
remote sensing data involves (Choudhury et al., 1987; 
Jackson et al., 1985; Kustas and Daughtry, 1990; Kustas 
et al., 1993; Boegh et al., 2002, Tasumi, 2003). 

Although it is not feasible to directly estimate G 
using satellite measurements, yet the ratio of G to anoth-

er component in the energy budget can be estimated 
(Kustas and Daughtry, 1990). For that, Jackson et al. 
(1985) suggested net radiation, because of its calculation 
ease with a minimum amount of meteorological data 
requirement. 

Clothier et al. (1986) estimated the midday ratio of 
soil heat flux to net radiation (G/Rn) as a linear func-
tion of a spectral vegetation index (near infrared to red 
ratio) over several regrowth cycles of alfalfa. Kustas and 
Daughtry (1990) demonstrated that multispectral data 
could provide a means of computing the G/Rn ratio for 
several cover types. Both studies showed that the G/Rn 
ratio linearly decreases with increasing vegetation cover 
and the multispectral vegetation indices. 

G/Rn ratio can be estimated close to the noontime 
via empirical relations from the leaf area index (LAI), 
normalized difference vegetation index (NDVI), soil 
adjusted vegetation index (SAVI), albedo (α), land-sur-
face temperature (LST) that are obtained by satellites 
(Choudhury et al., 1987; Bastiaanssen, 1995; Tasumi, 
2003; Boegh et al., 2002; Allen et al., 2011).

Availability of data necessary to understand and 
analyse crop growth at field scale with a good tempo-
ral and spatial resolution and precision is possible with 
costly in situ measurements (Stroppiana et al., 2006). 
Therefore, although being an indirect estimation tech-
nique, remote sensing is emphasized to be beneficial and 
useful considering areal scale assessments (Allen et al., 
2011). Even though micrometeorological measurement 
techniques such as Eddy Covariance provide much pre-
cise quantification, their spatial coverage and costs make 
remote sensing much preferable. For a thorough under-
standing of G, different types of crop-soil combinations 
are necessary to be studied.According to Turkish Statis-
tical Institute’s (TUIK) recent data (2017), within total 
cereal and other crops sawn area (approximately 15.5 
million ha), wheat has the greatest portion with about 8 
million ha and around 21.5 million tonnes of total pro-
duction. Maize is holding third place with about 640 000 
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ha cultivated area and almost 6 million tonnes of total 
production per year. Sunflower has the greatest portion 
off of the oilseeds with about 780 000 ha with a corre-
sponding total production of around 195 000 tonnes per 
year. According to those mentioned information, wheat, 
sunflower, and maize are of great importance in terms 
of shaping the economy. Understanding and monitor-
ing crops’ growth by means of energy fluxes is almost 
an untouched topic for Turkey. Few studies are done and 
more needed to be carried out for better understanding. 

Finally, the main purpose of this study is to to test, 
optimize, and compare SVIs, LAI, and crop height-based 
empirical equations for G estimation and determine the 
best method for winter wheat, sunflower and maize. 
Additional aim is to asses and evaluate the relationships 
between G/Rn and biophysical factors such as biomass, 
crop height, and LAI.

2. MATERIALS AND METHOD

2.1 Study area

The study area is located in the Kırklareli city, in the 
north-western part of Turkey (41.69 N, 27.21 E). Experi-
ments are conducted over winter wheat, sunflower and 
maize sown at Directorate of Atatürk Soil Water and Agri-
cultural Meteorology Research Institute (AMRI) (Fig. 1).

Kırklareli city centre is 203 m above the mean sea 
level. On the north side of the city, Istranca Mountains 
lie in a northwest-southeast direction with the maxi-
mum elevation of approximately 1030 m at the southeast 
part (Fig. 2).

In a geographical information system (GIS) media, 
aspect and slope maps of the city generated from the 

digital elevation model (DEM). According to the results, 
the study area is oriented to the southeast with a 154° 
angle and ranked as a 0-2 class with 0.39-degree slope 
(Fig. 3).

2.2 Data used

2.2.1. Meteorological and Soil Data

According to the long term mean monthly rainfall 
accumulations obtained from the Turkish State Mete-
orological Service (TSMS) from 1950 to 2014, the mini-
mum amount of precipitation was observed in August 
(21.1 mm), and the maximum amount of precipitation 
was observed in December (70.6 mm). Besides, the mean 
annual accumulated rainfall amount for the study region 
is 573.6 mm. According to long term monthly tempera-
ture means, July is the warmest with 24°C whereas the 
coolest month was January (2.9°C). Extremes were also 
recorded in July for summer (42.5 °C on 27 July 2000) 
and in January for winter (-15.8 °C on 14 January 1972). 
As reported by the study conducted by TSMS’s Clima-
tology Branch (2000), Kırklareli city’s climate has semi-
humid properties with cool winters and warm summers 
as a shared output of well-accepted climate classification 
methods (Aydeniz, Erinç, De Martonne, Trewartha and 
Thornthwaite). 

Automated weather observation systems settled 
in the planted area measured wind speed and direc-
tion, air temperature, relative humidity, global and net 
radiation, photosynthetic active radiation, surface tem-Fig. 1. Location of the study area.

Fig. 1. Posizione dell’area di studio.

Fig. 2. Digital elevation map (DEM) of Kırklareli City (SRTM data). 
Fig. 2. La mappa di elevazione digitale (DEM) della città di 
Kırklareli (SRTM dati).
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perature, heat fluxes, volumetric soil water content and 
rainfall amount during the growing periods (Şaylan 
et.al., 2010; Şaylan et.al 2018). Distribution of rainfall 
amount (mm), volumetric soil water content (%) for 
0-30 and 30-60 cm of levels; soil temperature values at 
2, 5 ,10 and 20 cm depths  for sunflower first and sec-
ond growing periods (Fig. 4); for winter wheat’s first  
and second growing periods (Fig. 5); and finally for 
maize first and second growing periods (Fig. 6) were 
demonstrated below.

According to the field studies, soil texture of wheat 
for 0-90 cm depth was 59 % sand, 25 % silt, and 16 % 
clay; for sunflower, 57 % sand, 20.8 % silt, and 22.2 % 
clay and finally for maize, 52.8 % sand, 16.7 % silt and 
30.6 % clay. Considering FAO soil classification criteria 
the soil type of wheat area was sandy loam soil and it 
was sandy-clay loam for sunflower and maize fields. 

2.2.2 Phenological Data

Phenological stages of winter wheat, sunf lower 
and, maize observed and recorded during two sequen-
tial growing periods, and demonstrated in Fig. 7-9. For 
winter wheat, because less rainfall observed during the 
beginning of the second growing period, planting was 
done later than the first one. As a result, all phenological 
stages observed a few days later than the first period.

Fig. 3. Aspect and slope maps of Kırklareli City.
Fig. 3. Mappe di esposizione e pendenza della città di Kırklareli.

Fig. 4. Time series of volumetric soil water content, soil tempera-
ture, and precipitation, during both growing periods of sunflower.
Fig. 4. Serie temporale di umidità del suolo, temperatura del suolo 
e precipitazioni, durante entrambe le stagioni di crescita del gira-
sole. 
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Each crop field was fertilized by N fertilizer. Addi-
tionally, herbicide and fungicide treatments applied. 
Sunflower and maize irrigated but for winter wheat both 
seasons were without irrigation.

2.2.3 Spectral Reflectance Measurements

Each object has its unique reflectance pattern along 
the electromagnetic (EM) spectrum which is called 
spectral signature (Parker and Wolff, 1965). Spectral  

signature has a key role in remote sensing in order to 
discriminate between objects. For instance, vegeta-
tion cover tends to absorb most of the incoming solar 
energy in visible (VIS) portion of the EM spectrum 
while it mainly reflects near-infrared (NIR) radiation 
incident upon it. Significant absorption in the VIS band 
is caused by the leaf pigments, namely because of the 
chlorophyll. Likewise, high reflection in the NIR band 
is a result of the cellular structure of the leaves (Basso et 
al., 2001). Spectral vegetation indices (SVIs) have been 

Fig. 5. Time series of volumetric soil water content, soil temperature, 
and precipitation, during both growing periods of winter wheat.
Fig. 5. Serie temporale di umidità del suolo, temperatura del suolo e 
precipitazioni, durante entrambe le stagioni di crescita del frumento. 

Fig. 6. Time series of volumetric soil water content, soil tempera-
ture, and precipitation, during both growing periods of maize.
Fig. 6. Serie temporale di umidità del suolo, temperatura del suolo 
e precipitazioni, durante entrambe le stagioni di crescita del mais. 
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Fig. 7. Phenological stages of winter wheat for two growing periods.
Fig. 7. Stadi fenologici del grano durante i 2 periodi di crescita.

Fig. 8. Phenological stages of sunflower during two growing periods.
Fig. 8. Stadi fenologici del girasole durante i 2 periodi di crescita.
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widely used for a better understanding of crop health 
and growth status by making use of that different 
behaviour of vegetation cover in VIS and NIR bands. 
In this study, spectral reflectance data measured with 
a hand type spectroradiometer (Fieldspec., ASD Inc.) 
which collects data in between 325-1075 nm. Measure-
ments were done biweekly, under a clear and cloudless 
sky during both periods. SVIs that are shown in the 
below table calculated (Tab. 1). 

Tab. 1. SVIs used in this study.
Tab. 1. SVIs usati in questo studio.

SVI Equation References

Normalized 
Difference 

Vegetation Index 
(NDVI)

R 841−876( ) −R 841−876( )

R 841−876( ) +R 841−876( )
Rouse et al., 1974

Soil Adjusted 
Vegetation Index 

(SAVI)
1+ L( )* R841−876 −R620−670

R841−876 −R620−670 + L
Huete, 1988

Even though the measurements were done with 
spectroradiometer are not likely to be affected by atmos-
pheric scattering, there is still a possibility of errors 
occurring because of technical or systematic issues of 
the instrument. Therefore, Savitzky-Golay (S-G) filter-
ing was applied in order to reduce any noise that might 
be encountered. Although there were many SVIs calcu-
lated during the study, NDVI and SAVI were chosen to 
be investigated in terms of their capability to predict G/
Rn ratio. NDVI and SAVI variation during both grow-
ing periods for maize, sunflower and winter wheat were 
demonstrated at Fig. 10 a,b. 

2.2.4 Energy Budget Components

Net radiation and soil heat flux data measured and 
recorded during two growing periods for each crop with 
10 and 30 min. intervals. Bowen Ratio Energy Balance 
(BREB) method was used in order to determine latent 
heat and sensible heat fluxes over crop’s surfaces. 

Before any further analysis carried out, Rn and G 
data sets were examined in terms of detecting any out-
liers and any missing values. Outliers detected using 
Interquartile Range (IQR) method, also called the 
Tukey method (Tukey, 1977) by which upper and lower 
limits determined by first and third quartiles of data 
sets. The data were filtered by Ohmura (1982) and Perez 
et al. (1999) criteria. Fig. 11 shows data after outliers 
removed by IQR (only sunflower data was demonstrat-
ed here).

As mentioned by other studies as well, G is high-
ly affected by soil wetness as well as vegetation cover 
and surface temperature (Payero et al., 2005; Kustas 
and Daughtry, 1990).  Payero et al. (2005) and others 
(Camuffo and Bernardi, 1982; Novak, 1993; Domingo et 
al., 2000) stated hysteresis problem with G data detected 
on the days after rain and irrigation. They reported that 
at the cases when wet soil starts to dry out, correspond-
ing Rn-G values differed dramatically compared to dry 
soil. In order to overcome this problem, the days with 
and after rain for wheat and the days with and after rain 
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and irrigation for sunflower and maize, G and Rn data 
were removed from the data set.

In order to understand the apportionment of ener-
gy balance components during the day, 30 min. inter-
val data sets for all three crops including two growing 
periods were used. According to data analysis, G data 
became dominant after 09:00 and got to its peak around 
15:00 then came close to zero afterwards. Therefore 
09:00-15:00 interval has been picked as daytime.

In order to make general analysis, after correction 
and elimination procedures completed, data were con-
sidered separately for each growing season. For winter 
wheat’s first growing season G was 10% of Rn during 
daytime and at the second growing period, it was 15% 
of Rn, on average. The maximum value recorded for G 
was 100.4 W/m2 and Rn was 769 W/m2 for the first grow-
ing season and for the second growing season maximum 
value of G was 82.1 W/m2 and maximum Rn value was 
800 W/m2. For sunflower, at first growing season, G was 
10% of Rn during the daytime, on average and 8% of 
Rn for the second growing period. The maximum value 
recorded for G and Rn were 93.6 W/m2 and 794.3 W/m2 
for the first growing season and for the second growing 
season maximum values were 125.3 W/m2 and 682.6 W/
m2, respectively. For maize, at first growing season, G 
was 5% of Rn during the daytime, on average and 9% of 
Rn at the second growing period. The maximum value 
recorded for G was 131.4 W/m2 and it was 692.7 W/m2 
for Rn at the first growing season. At the second growing 
season, maximum values for G and Rn were 131.4 W/m2 
and 692.7 W/m2, respectively. 

G is highly dependent on surface conditions (i.e., 
wet or dry and bare or vegetated). For bare soil, G may 
be 20-50% of Rn depending on soil moisture (Idso et al., 
1975) whereas, for mature crops, G may be 5-10% of Rn 
over alfalfa (Clothier et al., 1986), wheat (Choudhury et 
al., 1987), and soybeans (Baldocchi et al., 1985). Thus, 
soil heat flux can be a significant portion of Rn ranging 

from 5% to 50% of Rn depending on soil moisture and 
fraction of vegetation cover.  

In order to better capture G dominancy, midday 
(09:30-13:30) 30 minutes interval average G/Rn values 
were examined for each crop considering their pheno-
logical stages (Tab. 2).  

Although results for each crop were in line with 
the sense that G/Rn values decreasing with the growing 
plant, there were differences because of the differing soil 
moisture, surface temperature, soil content, weather con-
ditions (e.g., precipitation, cloudiness).

3. RESULTS

3.1 Relations between G/Rn and Biophysical Parameters

LAI of each crop was measured biweekly using a 
plant canopy analyzer (LAI-2000 sensor of LI-COR). 
Aboveground dry biomass was measured conventional-

Fig. 11. Energy fluxes data after outliers cleared by IQR.
Fig. 11. Dati di flussi di energia dopo la eliminazione delle anomalie con IQR. 

Tab. 2. G/Rn midday minimum, maximum and average values 
according to phenological stages for winter wheat, sunflower and 
maize.
Tab. 2. valori minimi, massimi e medi di G/Rn  nei diversi stadi 
fenologici per il frumento, il girasole e il mais.



56 Sezel Karayusufoğlu Uysal, Levent Şaylan

ly by collecting data samples, oven-dry them with 65°C 
heat and finally measuring the weight. Crop height data 
was also recorded periodically during the growing peri-
ods. There is an obvious negative relationship between 
G/Rn and crop height for each crop. G/Rn decreased 
with increasing crop height. The relationship is 2nd order 
polynomial for sunflower with an r2 value of 0.65, for 
maize, it is logarithmic with an r2 value of 0.58 and for 
winter wheat it is exponential with an r2 value of 0.57 
(Fig. 12).

Again, with increasing LAI, G/Rn tended to decrease 
exponentially. However, this time r2 values were not 
much significant for winter wheat and maize (0.34 and 
0.2) while for sunflower G/Rn seems to be defining LAI 
very well with 0.69 r2 value (Fig. 13).

G/Rn relationship with biomass found to be loga-
rithmic for maize and sunflower and 2nd order polyno-
mial for winter wheat with determination coefficients 
of 0.6, 0.56 and 0.5, respectively (Fig. 14). With growing 
vegetative mass G/Rn tended to decrease.

3.2 Relations between G/Rn and SVIs 

NDVI and SAVI increase up to 1.0 with growing 
vegetation. As G/Rn ratio linearly decreases with increas-
ing vegetative cover, it is expected to have negative lin-
ear relations between G/Rn and NDVI and SAVI. Hav-
ing a good understanding on the relationship between 
G and SVIs that could easily be obtained such as NDVI 
and SAVI allows acquiring an estimation for G which 
has a lot of uncertainty in measurements by depending 
on many parameters. There are several relationships in 
the literature in order to estimate G/Rn ratio. They either 
depend on crop’s spectral properties (SVIs) or biophysi-
cal properties such as LAI and crop height. The ones 
with SVIs expressed to be either linear (Clothier et al., 
1986, Kustas and Daughtry, 1990), exponential (Jack-
son et al., 1985, Singh et al., 2008) or power function 
(Bastiaanssen et al., 1998; Melesse and Nangia, 2005). 
G/Rn relationships with LAI, on the other hand, found 
to be exponential (Choudhury et al., 1987; Kustas and 
Daughtry et al., 1990). 

Within this study, LAI and crop height’s relation-
ship to G/Rn were already demonstrated. NDVI and 
SAVI relationships for all three of the crops were shown 
at Fig. 15 and Fig. 16, respectively. There was no relation-
ship obtained for winter wheat between NDVI and G/
Rn, however for maize and sunflower, there were signifi-
cant relationships with 0.73 and 0.63 r2 values, respec-
tively. The reason behind no relation detected between 
NDVI and G/Rn for winter wheat is most probably 
because most parts of the growing season were in win-
ter. Since G is very sensitive to changes in weather con-
ditions, soil wetness, and soil temperature, etc., the irrel-
evance can be explained by winter weather conditions.

SAVI and G/Rn were also in a good relationship for 
maize and sunflower with 0.70 and 0.61 r2 values. There 
was a tiny improvement in r2 (0.23) value compared to 

yM= -0.05ln(x) + 0.08
R² = 0.58
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Fig. 12. Relationship between the ratio of G to Rn and crop height 
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the NDVI relationship for winter wheat that might be 
because of the soil adjustment parameter which SAVI 
included in its equation. 

3.3 Assesment of Empirical Equations for G Estimation

Within the alignment of the knowledge obtained 
with above results, linear and nonlinear regression anal-
ysis carried out for determination of G/Rn-SVIs/LAI/CH 
relationships referring to the models in Tab. 3. Equation 
1-4 were the generalized versions of NDVI and SAVI 
based models in Tab. 3.

G =Rn*(Pr1*e
Pr2 *NDVI( ))  (1)

G = Rn*(Pr1+Pr2*NDVI)  (2)

G =Rn*(Pr1*(1−Pr2* NDVIPr3( )  (3)  

G =Rn* Pr2* Pr2*SAVI−Pr3( )+Pr4* 1− Pr2*SAVI( )−Pr5( )( )  (4)

For LAI based relationships nonlinear regression 
analysis conducted considering the relation was expo-
nential as shown in Equation 5. And finally crop height 
G/Rn relationship was assumed to be exponential, power 
function and linear by using the models shown in Equa-
tion 6 and Equation 7.

G =Rn*(Pr1*e
Pr2 *LAI( ))  (5)

G =Rn* Pr1 +Pr2*CH( )  (6) 

G =Rn*(Pr1*e
Pr2 *CH( ))  (7)

Tab. 3. G estimation models used to evaluate in this study.
Tab. 3. Modelli di stima G usati in questo studio.

G Estimation Models Ref

G=Rn*(0.3811*e(-2.3187*NDVI)) Singh et al., 2008
G=Rn*(0.3*(1-0.98*NDVI4)) Bastiaanssen,1998
G=Rn*(-0.48*NDVI+0.46) Boegh et al., 2004
G=Rn*(0.1*(1.62*SAVI-0.37)+0.5*(1-
(1.62*SAVI-0.37))) Boegh et al., 2002

G=Rn*(-0.49*CH+0.53) Payero et al., 2005
G=Rn*(0.34*e(-0.46*LAI)) Kustas et al., 1993

Determination coefficients and RMS errors obtained 
with original G estimation models’ parameters which 
are given in Tab. 3 and, with parameters suggested in 
this study are demonstrated for each and every crop and 
for each generalized model are shown in Table 4. Best 
results for each model and each crop are shown in bold 
writing.

According to the models’ G predictions, overall the 
best result obtained with an exponential NDVI rela-
tionship (Singh et al., 2008) with r2 equal to 0.831 and 
RMS error of 20.28 Wm-2. Although determination coef-
ficient values for the Singh model were the best, lowest 
RMS errors monitored with parameters suggested in this 
particular study rather than with original ones. The best 
model for sunflower with respect to determination coef-
ficient value, which was 0.751, was the LAI-based model 
(Kustas model); whereas for maize best model was an 
exponential NDVI-based model (Singh Model). For win-
ter wheat on the other hand, generally, all models failed 
with the lowest determination coefficients and even with 
no relationships. Nonetheless, SAVI based model repre-
sented measured G’s with r2 value as 0.744. Since most 
of the growing season of winter wheat is in cold weather 
conditions with heavy rain and snowfall, G might not be 
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estimated very well with other models but SAVI, since 
SAVI includes soil adjustment parameters. On the other 
hand, LAI based model worked fine for sunflower how-
ever for winter wheat and maize determination coef-
ficients were low. For winter wheat, the reason behind 
these results might be the same why NDVI based mod-
els failed and, for maize the reason might be LAI values 
during both growing seasons were the highest. Finally, 
for crop height based G modelling, according to regres-
sion results it can be said that the model suggested in 
this study (G =Rn*(Pr1*e

Pr2 *CH( )) ) worked better than the 
one suggested by Payero et al. (2005) with greater r2 val-
ues together with lower RMS error values.

4. DISCUSSIONS

In this study, energy fluxes measured over three 
different crop surfaces planted in the Thrace part of 
Turkey were examined to understand the seasonal and 
inter-annual variation of the G/Rn ratio by consider-
ing spectral and biophysical properties of vegetation 
together with soil dynamics, meteorological conditions, 
and land management activities. Among all the com-
ponents necessary to compute evapotranspiration, Rn 
is the most crucial one, in terms of its important role 
in other physical and biological processes (Samani  et 
al., 2007). It stands for the difference between incoming 
and outgoing radiation at the earth surface and can be 

Tab. 4. Results obtained with original parameters and, parameters suggested in this study together with determination coefficients and RMS 
errors for each crop.
Tab. 4. Risultati ottenuti con i parametric originali e i parametri suggeriti in questo studio insieme ai coefficient di determinazione e gli 
errori RMS per ciascuna coltura.

Models Crop Type pr1 pr2 pr3 pr4 pr5 R² RMSE
Boegh et al., 2002 0.100 1.620 -0.370 0.500 -0.370 0.709 119.430
In this study -0.373 0.436 0.212 0.075 0.125 0.668 13.892
Boegh et al., 2002 0.100 1.620 -0.370 0.500 -0.370 0.735 140.804
In this study -0.330 0.905 0.431 0.072 0.083 0.688 19.784
Boegh et al., 2002 0.100 1.620 -0.370 0.500 -0.370 0.162 142.795
In this study -0.430 -0.053 0.011 0.039 0.038 0.744 9.933
Singh et al., 2008 0.381 -2.319 - - - 0.729 12.811
In this study 0.270 -2.102 - - - 0.744 9.933
Singh et al., 2008 0.381 -2.319 - - - 0.831 20.275
In this study 0.442 -3.330 - - - 0.772 14.934
Singh et al., 2008 0.381 -2.319 - - - 0.043 34.9648
In this study 0.044 0.378 - - - 0.320 10.489
Boegh et al., 2004 -0.480 0.460 - - - 0.706 38.592
In this study 0.194 -0.185 - - - 0.746 9.960
Boegh et al., 2004 -0.480 0.460 - - - 0.791 48.092
In this study 0.242 -0.288 - - - 0.752 15.011
Boegh et al., 2004 -0.480 0.460 - - - 0.038 65.573
In this study 0.042 0.023 - - - 0.323 10.477
Bastiaanssen,1998 0.300 -0.980 4.000 - - 0.739 66.969
In this study 0.438 0.949 0.284 - - 0.748 10.443
Bastiaanssen,1998 0.300 -0.980 4.000 0.596 81.578
In this study 0.770 1.025 0.220 - - 0.775 15.110
Bastiaanssen,1998 0.300 -0.980 4.000 0.018 75.201
In this study 0.192 0.676 -0.081 - - 0.327 10.863
Kustas et al., 1993 0.340 -0.460 0.684 24.087
In this study 0.311 -0.689 - - - 0.751 9.906
Kustas et al., 1993 0.340 -0.460 0.242 35.055
In this study 0.144 -0.333 - - - 0.280 25.917
Kustas et al., 1993 0.340 -0.460 0.216 20.525
In this study 0.118 -0.262 - - - 0.314 9.649

Sunflower Payero et al., 2005 -0.490 0.530 0.661 112.588
In this study 0.132 -0.050 - - - 0.625 11.898

Maize Payero et al., 2005 -0.490 0.530 0.395 313.530
In this study 0.128 -0.034 - - - 0.516 20.920

Winter Wheat Payero et al., 2005 -0.490 0.530 0.276 57.916
In this study 0.114 -0.079 - - - 0.429 8.177

Sunflower In this study 0.154 -0.702 - - - 0.697 10.782
Maize In this study 0.162 -0.614 - - - 0.556 20.013
Winter Wheat In this study 0.133 -1.227 - - - 0.426 8.079

Sunflower

Maize

Winter Wheat

G=Rn*(Pr1*e(Pr2*CH))

G=Rn*(Pr1*e(Pr2*LAI))

G=Rn*(Pr1 +(Pr2*CH))

Maize

Winter Wheat

G=Rn*(Pr1*(1-Pr2*(NDVIPr3)))                                                                                            

Sunflower

Maize

Winter Wheat

G= Rn*(Pr1+(Pr2*NDVI))

Sunflower

Sunflower

Maize

Winter Wheat

Sunflower

G=Rn*(Pr1*e(Pr2*NDVI)) Maize

Winter Wheat

G =Rn*(Pr1*(Pr2*SAVI-Pr3)+Pr4*(1-(Pr2*SAVI-Pr5)))



59Assessment of Soil Heat Flux Equations for Different Crops under Semi Humid Conditions 

used as a proxy data for climate change studies as well 
as agricultural meteorology (Bisht et al., 2005). Measur-
ing surface energy balance conventionally with direct 
methods represents only the point where the station is 
installed and a limited surrounding area. For regional 
studies locating the sensors properly and trying to deter-
mine how many installations needed are critical issues 
necessary to be considered carefully. Remote sensing 
techniques provide substantial opportunities to evaluate 
energy balance components over large areas. In the liter-
ature many researchers have tested remote sensing data 
together with atmospheric and land observations to esti-
mate energy fluxes (Bastiaanssen et al., 1998; Roerink et 
al., 2000; Bisht et al., 2005; Rimóczi-Paál, 2005; Silva et 
al., 2005; Samani et al., 2007; Di Pace et al., 2008; Ryu et 
al.,  2008; Wang and Liang, 2009, Santos et al 2011). 
Obtained results in this study revealed that Rn and G 
can be estimated by remote sensing data with signifi-
cantly good relationships. Having these relationships 
will improve the calibration of crop-climate growth 
models and therefore results in better estimations. How-
ever, to end up with a generalized result, it is crucial to 
continue collecting data over different soil-crop combi-
nations for longer periods. Therefore, the knowledge of 
the energy fluxes’ estimation for different vegetation cov-
er-soil can be better represented by remote sensing data. 
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