2038-5625

Italian Journal of
Agrometeorology

o Rivista Italiana di Agrometeorologia




SCIENTIFIC DIRECTOR PUBLICATION DIRECTOR

Simone Orlandini Francesca Ventura

Department of Agriculture, Food, Environment and Forestry (DAGRI) Department of Agricultural and Food Sciences
University of Florence University of Bologna

Piazzale delle Cascine 18 - 50144, Firenze (FI), Italia Via Fanin, 44 - 40127 Bologna (BO), Italia
Tel. +39 055 2755755 Tel. +39 051 20 96 658
simone.orlandini@unifi.it francesca.ventura@unibo.it

EDITORIAL BOARD

Filiberto Altobelli - Orcid 0000-0002-2499-8640 -Council for Agricultural Research and Economics (CREA), Research Centre for Agricul-
tural Policies and Bioeconomy, Rome, Italy
economic sustainability, ecosystem services, water resource

Pierluigi Calanca - Orcid 0000-0003-3113-2885 - Department of Agroecology and Environment, Agroscope, Zurich, Switzerland
climate change, micrometeorology, evapotranspiration, extreme events, downscaling

Gabriele Cola - Orcid 0000-0003-2561-0908 - Department of Agricultural and Environmental Sciences, University of Milan, Italy
phenology, crop modelling, agroecology

Simona Consoli - Orcid 0000-0003-1100-654X - Department Agriculture, Food and Environment, University of Catania, Italy
micrometeorology, evapotranspiration, irrigation, remote sensing

Anna Dalla Marta - Orcid 0000-0002-4606-7521 - Department of Agriculture, Food, Environment and Forestry (DAGRI), University of
Florence, Italy
cropping systems, crop growth and production, crop management

Joseph Eitzinger - Orcid 0000-0001-6155-2886 - Institute of Meteorology and Climatology (BOKU-Met), WG Agrometeorology Department
of Water, Atmosphere and Environment (WAU), University of Natural Resources and Life Sciences, Vienna, Austria
agrometeorology, crop modelling, climate change impacts on agriculture

Branislava Lalic - Orcid 0000-0001-5790-7533 - Faculty of Agriculture, Meteorology and Biophysics, University of Novi Sad, Serbia
biosphere-atmosphere feedback, plant-atmosphere physical processes parameterisation, plant-related weather and climate indices

Carmelo Maucieri - Orcid 0000-0003-4004-6612 - Department of Agronomy, Food, Natural resources, Animals and Environment (DAF-
NAE), University of Padova, Italy
climate change, adaptation, crops irrigation, crops fertilization

Marco Napoli - Orcid 0000-0002-7454-9341 - Department of Agriculture, Food, Environment and Forestry (DAGRI) - University of Flor-
ence, Italy
field crops, soil hydrology and crop water requirements, soil tillage and management

Park Eunwoo - Orcid 0000-0001-8305-5709 - Field Support Education Division, Epinet Co., Ltd, Seoul National University, Gangwon-do,
South Korea
agrometeorology, crop protection, plant disease modelling

Valentina Pavan - Orcid 0000-0002-9608-1903 - ARPAE-SIMC Emilia-Romagna, Bologna, Italy
climatology, climate variability, climate impacts, climate change

Federica Rossi - Orcid 0000-0003-4428-4749 - CNR - Institute of Bioeconomy, Bologna, Italy
sustainable orchard management, ecophysiology, micrometeorology

Levent Saylan - Orcid 0000-0003-3233-0277 - Faculty of Aeronautics and Astronautics, Department of Meteorological Engineering, Istanbul
Technical University, Turkey
agrometeorology, evapotranspiration and drought, micrometeorology, impacts of climate change on agriculture

Vesselin A. Alexandrov - Institute of Climate, Atmosphere and Water Research, Bulgarian Academy of Science
climate variability and change, extreme events, vulnerability and adaptation, statistical and dynamic simulation models of climate and eco-
systems

Domenico Ventrella - Orcid 0000-0001-8761-028X - Council for Agricultural Research and Economics (CREA), Research Center Agriculture
and Environment, Bari, Italy
climate change impact, climate change adaptation and mitigation, cropping system modelling, sustainable agriculture

Fabio Zottele - Orcid 0000-0002-1015-5511 - Fondazione Edmund Mach, San Michele all'Adige, Italy
agrometeorology, GIS, remote sensing



ltalian Journal of
Agrometeorology

n.2-2025



The Italian Journal of Agrometeorology (IJAm - Rivista Italiana di Agrometeorologia) is the official periodical of
the Italian Association of Agrometeorology (AIAM) and aims to publish original scientific contributions in English on
agrometerology, as a science that studies the interactions of hydrological and meteorological factors with the agricul-
tural and forest ecosystems, and with agriculture in its broadest sense (including livestock and fisheries).

https://riviste.fupress.net/index.php/IJAm
ISSN 2038-5625 (print) | ISSN 3103-1722 (online)

Italian Association of Agrometeorology (AIAM)

Presidente: Simone Orlandini (simone.orlandini@unifi.it)

Vicepresidente: Gabriele Cola

Consiglieri: Marina Baldi, Claudio Cassardo, Carmelo Maucieri, Federico Spanna, Danilo Tognetti, Leonardo Verdi
Revisori dei conti: Andrea Cicogna, Marco Secondo Gerardi, Emanuele Scalcione

Segreteria: Simone Falzoi, Emanuela Forni, Tiziana La Iacona, Mattia Sanna, Irene Vercellino

e-mail ATAM: segreteria@agrometeorologia.it

Sede legale: via Caproni, 8 - 50144 Firenze

web: www.agrometeorologia.it

e-mail Italian Journal of Agrometeorology: jjagrometeorology@agrometeorologia.it

SUBSCRIPTION INFORMATION

IJAm articles are freely available online, but print editions are available to paying subscribers. Subscription rates are in
Eur and are applicable worldwide.

Annual Subscription: € 50,00 Single Issue: € 25,00

CONTACT INFORMATION
Please contact ordini@fupress.com, if you have any questions about your subscription or if you would like to place an
order for the print edition. Information on payment methods will be provided after your initial correspondence.

a OPEN ACCESS

© 2025 Author(s)

Content license: except where otherwise noted, the present work is released under Creative Commons Attribution 4.0 International
license (CC BY 4.0: https://creativecommons.org/licenses/by/4.0/legalcode). This license allows you to share any part of the work by
any means and format, modify it for any purpose, including commercial, as long as appropriate credit is given to the author, any chan-
ges made to the work are indicated and a URL link is provided to the license.

Metadata license: all the metadata are released under the Public Domain Dedication license (CCO 1.0 Universal: https://creativecom-
mons.org/publicdomain/zero/1.0/legalcode).

Published by Firenze University Press

Firenze University Press

Universita degli Studi di Firenze

via Cittadella, 7, 50144 Firenze, Italy
www.fupress.com


mailto:https://riviste.fupress.net/index.php/IJAm?subject=
mailto:simone.orlandini@unifi.it
mailto:segreteria@agrometeorologia.it
http://www.agrometeorologia.it
mailto:ijagrometeorology@agrometeorologia.it
mailto:ordini@fupress.com
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
http://www.fupress.com

Italian Journal of
Agrometeorology

Rivista Italiana di Agrometeorologia

a OPEN ACCESS

Citation: Parisi, S. G., Alimonti, G., &
Mariani, L. (2025). Meanandextremepre-
cipitation regime in North and Central
Iltaly — between stability and change.
Italian Journal of Agrometeorology (2):
3-22. doi: 10.36253/ijam-3315

Received: February 8, 2025
Accepted: August 7, 2025
Published: December 31, 2025

© 2024 Author(s). This is an open
access, peer-reviewed article pub-
lished by Firenze University Press
(https://www.fupress.com) and distrib-
uted, except where otherwise noted,
under the terms of the CC BY 4.0
License for content and CCO 1.0 Uni-
versal for metadata.

Data Availability Statement: All rel-
evant data are within the paper and its
Supporting Information files.

Competing Interests: The Author(s)
declare(s) no conflict of interest.

ORCID:
GA: 0000-0002-7128-9046

Firenze University Press
https://riviste.fupress.net/index.php/I[JAm

Mean and extreme precipitation regime in North
and Central Italy - between stability and change

SIMONE GABRIELE Parist”, GIANLUCA ALIMONTI?, LUIGI MARIANT®

IDIAGRAM S.p.A, Via Cavicchini 9, 44037 Jolanda di Savoia (FE), Italy

2INFN, Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133
Milano, Italy

3 DICATAM, Universita degli Studi di Brescia, Via Branze, 43, 25123 Brescia
*Corrisponding author. E-mail: s.parisi@diagramgroup.it

Abstract. The work was carried out on the gridded precipitation dataset of the ARCIS
consortium (hereafter ARCIS) that was produced spatializing a daily dataset of 1762
stations coming from 7 regions of Northern Italy and three regions of Central Italy for
the period 1961-2023, with a pixel of 4.7 x 4.7 km. The mean yearly precipitation value
from 1961 to 2023 shows a large interannual variability. On the other hand, the trend
in frequency and intensity of extreme events (daily events above 50 mm) exhibit high
space and time variability. Highlighting areas with significant or not significant trends
is crucial for designing hydraulic infrastructures and managing the impacts of natural
risks such as floods and landslides. Overall, results reveal that 83% and 86% of the are-
as do not show significant increases respectively in frequency and intensity while 11%
and 15% show significant increases and 2% and 3% show significant decreases. Moreo-
ver, the spatial pattern of the areas affected by increasing frequency and intensity, high-
lights the presence of some regions characterized by increasing trend in North Italy at
the beta mesoscale (20-200 km) which is the theatre of phenomena like mesocyclones
or low-level jets. Finally, it should be noted that the 1991-2023 analysis of seasonal var-
iations highlights a frequency increase of extreme phenomena in autumn (from Octo-
ber to December with a more marked increase in November), a weak decrease from
January to April and a marked decrease in August. These variations can be interpreted
as the result of the interaction of the synoptic circulation with mesoscale effects trig-
gered by orography and sea surface temperature.

Keywords: extreme events, precipitation climatology, gridded precipitation dataset,
frequency and intensity trends.

INTRODUCTION

Jacqueline Katz, the 2022-2023 Albert Einstein Distinguished Educa-
tor Fellow at the Library of Congress, wrote in a 2023 post that “In all sci-
entific disciplines, there are examples of stability and change. Stability refers to
the tendency of an object or system to stay the same, while change occurs when
objects or systems become different. Changes that occur in the various scien-
tific disciplines can happen over extremely short or long-time intervals” (Katz,
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2023). In climatology, which is the science of the climate
system, this very general consideration refers to climate
variability and change as products of the internal sys-
tem variability or the response to changes in natural
and anthropogenic forcings. In this context, variations
in mean and extreme precipitation regime are a rele-
vant aspect, due to their strong impacts on natural and
anthropized ecosystems. In fact, precipitation related
phenomena like floods, erosional processes and land-
slides result in strong damage to populations and human
activities like agriculture, industry, transportation and
tourism (IPCC, 2023).

Italy pertains to the Mediterranean basin and has
more than 8000 km of coasts. Therefore, the sea influ-
ence on the area precipitation framework is mighty. It
should be mentioned that the analysis of trends in maxi-
mum values for stations in the Mediterranean basin car-
ried out by Sun et al. (2021) indicate that about 4% of
the stations in the area have a significant upward trend
in absolute yearly maxima while about 4% manifest a sig-
nificant decrease. Basically, a relative stationarity is seen
in extreme rainfall events, which is also highlighted by
the IPCC future scenarios where it is stated: “Observa-
tions have a seasonal and regional pattern consistent with
projected increase of precipitation in winter in Northern
Europe. A precipitation decrease is projected in summer
in the Mediterranean extending to northward regions.
Extreme precipitation and pluvial flooding are projected
to increase at global warming levels exceeding 1.5°C in
all regions except the Mediterranean (high confidence).”
(IPCC_AR6_WGI_Regional_Fact_Sheet_Europe.pdf).

Climatological analysis of precipitation is typically
performed using rainfall stations time series. As an exam-
ple of this approach, we can cite the analysis of a large
dataset of daily rainfall data from stations in the Euro-
Mediterranean area for the period 1973-2010 carried
out by Mariani and Parisi (2013). The authors, using the
analysis scheme proposed by Alpert et al. (2002), demon-
strated the groundlessness of “the paradoxical increase of
Mediterranean extreme daily rainfall in spite of decrease
in total values” inferred by Alpert et al. (2002).

On the Italian area, a very detailed work was car-
ried out by a research group at Politecnico di Torino on
more than 4500 rainfall stations spanning the period
between 1916 and 2014 (Libertino et al., 2018). The anal-
ysis of trends on 1-, 3-, 6-, 12- and 24-hour precipitation
dataset highlighted that: “increasing rainfall extremes
remains elusive at large spatial scales” (Libertino et al.
2019). More specifically, on the frequency, the outcomes
show that all the observed trends are not significant, that
is compatible with the hypothesis of stationary climate.
Meantime, concerning the intensities of the events, a
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clear trend in extreme rainfall values cannot be detected
at the country-scale. It’s worth noting that trends are sig-
nificant in some specific areas and periods. The above-
mentioned paper has received considerable attention
from the scientific community, and it is cited in the AR6
(IPCC, 2023).

Fatichi and Caporali (2009), working on the rain-
fall time series of 785 stations in Tuscany for the peri-
od 1916-2003, highlighted the absence of trends in the
mean rainfall regime and intensity of 3-, 6- and 12-h
extreme events in almost all the stations analyzed. This
conclusion agrees with Pinna (2014) which worked on
extreme rainfall for stations of the Mediterranean area
and Tuscany.

Bassi et al. (2011), working on 45 stations of the
ARPA network and 47 stations of the former SIMN net-
work, analyzed heavy rainfall for Piemonte (Italy) over
the time period 1930-2004 and for durations of 1-,3-,6-,
12- and 24-h. Results highlight that spatial distribution
shows no significant variations with main maxima in
the northern alpine and pre-alpine sectors and second-
ary maxima in the southern mountain ranges. About
the intensity trend, the 47 SIMN stations showed a
clear predominance of negative trends for durations of
1 hour and a slight predominance of positive trends for
durations of 24 hours while for durations of 3,6 and 12
hours the trends were about 50% negative and 50% posi-
tive. On the other hand, the 45 ARPA stations showed
negative trends for more than 50 percent of the stations.
Overall, the analysis conducted by Bassi et al. (2011)
didn’t highlight preferential areas where positive or neg-
ative trends dominate.

Brunetti et al. (2010) analyzed daily extreme pre-
cipitation trends for 129 stations in Calabria (1920-2005)
and showed a precipitation decrease in the higher inten-
sity categories and an increase in the lower categories,
especially in the winter period. These trends were highly
dependent on the subperiod considered, with negative
trends prevailing after 1950.

It should also be reminded that the Italian territory
is by nature exposed to a lot of synoptic and mesoscale
factors favorable to extreme precipitation events: the
high frequency of synoptic blocking patterns (Barton et
al., 2022) and the closeness of regions sources of cold
(Polar Continental, Polar Maritime, Arctic Continental
and Arctic Maritime). Moreover, it must be considered
the Mediterranean basin, source of humid air masses,
and the presence of the complex geomorphology of the
Alps and the Apennines that is favorable to the conver-
gence and rise of air masses.

Doswell et al. (1996) gave an effective descrip-
tion of mesoscale factors favorable to continued high
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rates rainfall events. In turn, “high precipitation inten-
sity” involves the rapid ascent of low-level air contain-
ing substantial water vapor and depends on the pre-
cipitation efficiency (ratio of the amount of rainfall that
reaches the ground to the amount of rainfall formed in
the storm). Moreover, the “long duration” of an event is
associated with its movement speed and the size of the
system causing the event along the direction of system
movement. This naturally leads us to explore the mete-
orological processes that combine these fundamental ele-
ments to generate weather events. Describing these pro-
cesses and the types of storms that produce heavy pre-
cipitation, reveals the many different ways such events
can occur. Since the right mixture of these ingredients
can be found in a wide variety of synoptic and mes-
oscale situations, it is necessary to know which of the
ingredients is critical in any given case. For example, in
the specific case of the flood that hit the surroundings of

Valencia (Spain) on 29 October 2024 (Pucik, 2024) with

a 14 hours rainfall peak of 771.8 mm reached at Turis

(26 km South-west of the city center of Valencia).

The precipitation intensity of the event was
enhanced by the following forcing factors:

- high absolute moisture content in the lower tropo-
sphere rapidly advected towards the coast due to
wind speeds up to 25 m/s in the bottom 500 m (low
level jet).

- High potential for rapid vertical flux of moisture
due to high Convective Available Potential Energy
(CAPE)

On the other hand, “precipitation efficiency”
(defined as the precipitate over precipitable water ratio)
was enhanced by:

- low-cloud bases, and high relative humidity in the
low to mid-troposphere, resulting in a low potential
for rainfall evaporation

- relevant depth of the cloud available for the growth
of raindrops through collision and coalescence, giv-
en by the large distance between the lifted conden-
sation level and the 0° isotherm (the so-called deep
warm cloud depth).

Bauer and Scherrer (2024) analyzed the long-term
(1901-2023) evolution of daily and multi-day heavy pre-
cipitation intensity and frequency in Swiss, finding that
daily maximum precipitation and the frequency of pre-
cipitation events exceeding the 99th all-day percentile
have increased since 1901 with a peak in the 1980s and
decreases thereafter. For the recent period 1981 -2023,
positive trends in summer heavy precipitation inten-
sity are detected for short (10-min to 3-h) events, but
no changes are found for the frequency of these mod-
erate extreme events. For longer (1- to 5-day) events on

the other hand, decreases in intensity and frequency are
found, especially for the winter half-year. This work high-
lights the importance of the reference period in trend
analysis and the fact that precipitation trends are not
only influenced by thermodynamics (increase in global
temperatures) but also by the dynamics of circulation
phenomena at different scales (Bauer and Scherrer, 2024).
It is worth noting that average or extreme precipi-
tation analysis can now be performed with the aid of
gridded datasets with variable spatial resolutions. Sun
et al. (2017) carried out a comprehensive review of some
global precipitation gridded data sets, with pixel ranging
from 0.5x0.5 to 5x5 degrees. Gridded datasets covering
the Italian area are the Alpine area dataset described by
Isotta et al (2013) or the ARCIS gridded dataset, covering
North Italy and part of Central Italy (Toscana, Umbria
and Marche administrative regions) (Pavan et al., 2013).
In this work we aim to analyze the spatial distribu-
tion and trends in 24-hour extreme precipitation recorded
in North and Central Italy in the period 1961-2023 and
collected by the ARCIS daily dataset with the purpose of
providing useful insights for land use management.

DATA & METHODS

The work was done analyzing data from the Cli-
matological Archive for North and Central Italy by the
ARCIS consortium (https://www.arcis.it/wp/). This
archive is the result of an agreement between some
regional meteorological services belonging to the follow-
ing public bodies: ARPA Piemonte, ARPAL, ARPA Emil-
ia Romagna, ARPA Lombardia, ARPA Veneto, Provincia
Autonoma di Trento, Provincia Autonoma di Bolzano,
Regione Autonoma Valle D’Aosta, ARPA Friuli-Venezia
Giulia (Fig. 16). This agreement aimed to the establish-
ment and management of an historical daily precipita-
tion database (Pavan et al., 2013). The ARCIS database
contains daily precipitation data from 1961 to 2023, spa-
tialized on 4.7 x 4.7 km cells for a total of 7605 cells and
it is an effective tool for understanding the precipitation
evolution over North-Central Italy.

As indicated by Pavan et al. (2018), the data come
from 1762 stations located in the ARCIS consortium
areas, from stations belonging to 11 Italian adminis-
trative regions (Piemonte, Valle d’Aosta, Liguria, Lom-
bardia, Emilia Romagna, Veneto, Trentino Alto Adige,
Friuli Venezia Giulia, Toscana, Umbria, and Marche),
and from stations close to the Italian borders belonging
to foreign national meteorological services. The ARCIS
area covers 189343 km? and there is one station every
107.47 km? on average, despite the presence of significant
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inhomogeneities in the stations spatial distribution. The
ARCIS data collection is frequently updated and at pre-
sent spans from 1961 to 2023.

The time series was constructed by joining sev-
eral stations that did not overlap in time, selecting sta-
tions that cover at least 80 percent of the analysis period.
The Italian data come partly from the former National
Hydrographic Service and subsequently from various
local and regional services.

Precipitation data were interpolated on a regular grid
of 4.7 x 4.7 km using a method based on a modified Shep-
ard algorithm (Antolini et al., 2015) that considers topo-
graphic distances between stations and the interpolation
error was evaluated using a cross-validation technique.

Errors were analyzed according to season and alti-
tude. Low-intensity events tend to be overestimated in
low-elevation areas, while high-intensity events are often
underestimated, especially in winter. The final product
has improved performance in mountainous areas and
regions with high station density.

The whole process allowed the construction of
a homogeneous and consistent database suitable for
describing not only average precipitation values, but also
their spatial and temporal variability, which is essential
for climate and impact studies.

This paper analyzes precipitations on the Arcis
area to obtain an updated climatology referred to aver-
age, variability and extreme values for the whole dataset.
Moreover, the extreme precipitation temporal trend over
the ARCIS area has been analyzed, including the calcu-
lation of significantly positive and negative trends at the
general level and pixel by pixel. More specifically:

- The intensity trend referred to yearly absolute maxi-
mum daily precipitation
- The frequency trend of the number of days per

year when daily precipitation exceeds the 50 mm

threshold, which can be considered a benchmark for

extreme daily precipitation (Fig. 2.34 from: https://
archive.ipcc.ch/ipccreports/tar/wgl/090.htm?).

Trend analysis was performed using the Mann Ken-
dall test (Gilbert, 1987) that is a nonparametric method-
ology that allows trends to be analyzed without making
assumptions about the data distribution.

This was supplemented by an analysis of the frequen-
cy and intensity percentage changes that occurred during
1991-2023 (33 years) compared with the 30-year period
1961-1990 by highlighting them in map products and fre-
quency histograms. The choice of the two subperiods was
dictated by the fact that 1961-1990 is still reccommended
by WMO for the computation and tracking global cli-
mate anomalies relative to a fixed and common reference
period (World Meteorological Organization, 2021 - a)
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while the 1991-2023 subperiod is after the macroscale
circulatory change of the ’80s, which global features are
described by Reid et al., (2016) while European effects on
selected crops are described in Mariani et al. (2012).

The significance of the differences in frequencies of
different classes of precipitation in the subperiods 1961-
90 e 1991-2023 has been evaluated using the Chi square
test “SciPy-stats” library of Python (Skipper et al., 2010).

DATA ANALYSIS
Mean climatology

The total yearly average precipitation (period 1961-
2023) of the ARCIS area is shown in Fig. 1. The map
reveals the heavy influence of topography on the precipi-
tation field. It is worth noting that mountainous regions
(pre-Alpine areas and North Apennines) receive the
highest rainfall, while plains, the interior of the Alps and
coastal areas, experience lower precipitation. The mean
yearly precipitation pattern is substantially stable over
time, as demonstrated by the evident similarity to maps
referred to previous periods 1921-50 (Mori, 1964), 1921-
70 (Cati, 1981) and 1971-1990 (Frei and Schar, 1998).
This is relevant to meet the water needs of agriculture
and other socio-economic sectors.

The map in Fig. 2 shows the spatial distribution of
standard deviation of yearly precipitation calculated
for each pixel. The visual analysis shows the consisten-
cy with the mean values represented in Fig. 1: areas of
maximum Alpine and Apennine rainfall are also those
affected by a higher variability. By performing a correla-
tion analysis between mean values and standard devia-
tion of yearly precipitation, as a matter of fact we obtain
a Pearson correlation coeflicient of 0.8887 and a p-value
less than 0.01 (highly significant).

The coherence between mean and standard devia-
tion is also highlighted by the diagram in Fig. 3 which
shows that the years with the highest mean precipitation
are also those with the highest standard deviation. Both
time series are stationary, as stated by the Mann Kendall
test for mean (S : -133; Z : -0.7829; p (no trend): 0.43368)
and standard deviation (S : 35; Z: 0.20166; p (no trend):
0.84018). The stationarity in an index of central tendency
and variability allows to exclude the presence of signals
of change in annual precipitation in the area.

The diagram in Fig. 3 shows also that four rainy
years (1963, 2002, 2010 and 2014) exceed the 95th per-
centile, while four dry years are below the 5% percentile.
This interannual variability is influenced by a wide range
of precipitation-driving factors operating at different spa-
tial and temporal scales. Among these factors a crucial
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Figure 1. Map of the mean annual precipitation on the period 1961-2023.
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Figure 2. Map of the standard deviation that illustrates precipitation variability on the period 1961-2023.
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Figure 3. Plot of the total mean yearly precipitation and standard deviation on the whole ARCIS dataset area from 1961 to 2023. The two

time series according to Mann-Kendall test have no significant trend.

role is played by the frequency and persistence variabil-
ity of different macro- and mesoscale circulation weather
types (Piotrowicz and Ciaranek, 2020). The weather at
mid latitudes of our Planet is ruled by the annular cir-
culation (westerlies) that produces a rapid alternation
of anticyclonic (stable weather) and cyclonic weather
types (perturbed weather). In this variability context,
prolonged rainy phases or total absence of precipitation
are also observable, which are the result of the periodic
establishment of long-persistence blocking systems over
the Euro-Atlantic area. An adaptation to this precipita-
tion interannual variability is obtained by irrigation facil-
ities that fed a complex system of irrigation channels and
water storages dams in the Alpine and Apennine areas or
natural reservoirs (pre-Alpine lakes: i.e. Maggiore, Como,
Iseo, Idro and Garda) or rivers like Po, which storage
capacity is enhanced by artificial barriers.

It is also interesting to note that human settlements
in the ARCIS area, often very ancient, were established
and developed with careful consideration about the spa-
tial and temporal precipitation distribution, which has
always imposed significant constraints on human life
and activities. For example, the main urban centers in
the ARCIS area are typically located in zones with mod-

erate rainfall and near rivers, which are fed by areas
with more intense and persistent precipitation from the
surrounding highlands.

Regarding the mean precipitation climatology, the
ARCIS dataset offers many possibilities for investigation
at monthly and seasonal scales that could be the subject
of future contributions. Focusing solely on the agricul-
tural sector, consider, for example, the potential for stud-
ying water limitations for agriculture using water bal-
ance techniques (Lebon et al., 2003), or examining ther-
mal resources and their limitations for crops (Mariani et
al., 2012). However, in the next part of this work we will
focus our attention on the frequency and intensity of
extreme rainfall events characteristic of the ARCIS area.

Extreme precipitation events

The diagram of the annual absolute maximum daily
rainfall values from 1961 to 2023 for the whole ARCIS
area (Fig. 4) shows high inter-annual variability with
maxima not infrequently exceeding 400 mm. The whole
time series shows a positive trend that is very close to
the 95% threshold of significance (Mann - Kendall test:
$ :331; Z:1.9573; p (no trend): 0.050309).
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Figure 4. Diagram of yearly absolute maximum daily precipitation in the whole ARCIS dataset area.

The diagram of the total number of events exceeding
the 50 mm threshold for the whole ARCIS area (Fig. 5)
shows high inter-annual variability. The visual analysis
highlights that the number of events over 50 mm is sta-
tionary until 2007 with the exceptions of 2000 and 2002;
an increase is instead observed since 2008. The whole
time series shows a positive but not-significant trend
(Mann - Kendall test: S : 205; Z :1.2099; p (no trend):
0.2263). Note also that the absolute maximum of 28524
yearly events exceeding 50 mm is reached in 2014 which
is the year with maximum yearly mean precipitation
(1489 mm) and that was the consequence of a strong pre-
cipitation in January, February, July and November.

The map in Fig. 6 shows the absolute maximum
daily precipitation over the whole period covered by
ARCIS dataset (1961-2023) while the map in Fig. 7 shows
the total number of daily events with precipitation > 50
mm. These two maps highlight the areas potentially most
exposed to extreme rainfall events. Obviously, the risk of
catastrophic events (landslides, floods) is the result not
only of the danger of extreme rainfall events, but also of
the vulnerability of the region, which is strictly related to
its geo-morphological features and of the exposure to risk
of populations and infrastructures. From this point of
view, it should be considered that extreme events occur-

ring in locations characterized by high average annual
precipitations generally have a lower impact than extreme
events of the same magnitude occurring in areas with
low average annual precipitation (Libertino et al., 2016).

The map in Fig. 8 illustrates the significant posi-
tive and negative trends over the period 1961-2023 in
the maximum daily precipitation recorded each year for
each pixel, providing a representation of the areas where
the most extreme events have intensified or weakened in
a statistically significant way (p-value < 0.05, 95 % sig-
nificance according to the Mann - Kendall test). Note
that the pixels with significant decrease in intensity are
isolated and without spatially coherent aggregations.
On the contrary, pixels subject to intensification tend to
predominate in some spatially coherent areas (hereafter
named increase nuclei) affecting namely the area of the
Apennines surrounding the Genoa Gulf, the area of the
High Plain and the Prealps of Piemonte, the area of cen-
tral-eastern Lombardia and the area of Alto Adige. The
pixels affected by intensification are instead isolated and
scarcely frequent in Emilia Romagna, Veneto, Friuli Ven-
ezia Giulia and the 3 regions of Central Italy (Toscana,
Umbria and Marche).

Tab. 1 shows that the 83.42% of the cells illustrated
in Fig. 8 do not show any significant trend, while 14.66%
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Figure 5. Diagram of Yearly number of total events > 50 mm in the whole ARCIS dataset area.
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Figure 6. Map of absolute maximum daily precipitation for the period 1961. 2023. The color scale is based on 7 classes percentile values.
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Figure 8. Map illustrating the pixels for which the Mann Kendall test highlights a 95% significant trend over the period 1961-2023 for
annual maximum daily precipitation. The areas with a positive trend are in red, and those with a negative trend are in light blue.
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show an increasing trend and 1.92% show a decreasing
trend. Most of the positive trends are concentrated in 5
regions (Liguria with 34,58 of its territory, Lombardia
with 31.4%, Trentino-Alto Adige with 25.4%, Piemonte
with 23.1% and Veneto with 9.6%). At the opposite side
are Friuli Venezia Giulia, with only 1.25% of territory
affected by positive trends, Valle d’Aosta with 1.56%,
Emilia Romagna with 3.69% and the three regions of the
Central Italy (Toscana, Marche, Umbria) with 4-6% of
the territory affected by positive trends.

The map in Fig. 9 illustrates the yearly number of
daily events greater than 50 mm significant positive or
negative trends for each pixel. As already highlighted
for the trends of the annual absolute maximums, it is
noted that the pixels subject to a frequency decrease are
isolated and never show spatially coherent aggregations.
On the contrary, the pixels subject to frequency increase
tend to predominate in some spatially coherent hotspots
mainly affecting Lombardia, Veneto and Alto Adige.

Tab. 1 reports that 85.83% of the cells illustrated in
Fig. 9 do not show significant trends while 11.66% show
increasing trends and 2.51% show decreasing trends.
The main part of the positive trends is concentrated in
3 administrative regions: Lombardia with 30.32% of its
territory, Trentino-Alto Adige with 24.33% and Veneto
with 20.67%. At the opposite are Emilia Romagna with
1.01%, Piemonte with 2.23% and Valle d’Aosta with
3.91%. The three regions of the Central Italy (Toscana,
Marche, Umbria) show the 3-8% of the territory affect-
ed by positive trends. It is also interesting to highlight
the marked difference between the percentage of pix-
els with positive trends in events over 50 mm and in
the absolute annual maxima in Piemonte (the percent-

Simone Gabriele Parisi, Gianluca Alimonti, Luigi Mariani

age of the territory with increasing absolute maximums
exceeds the percentage with increasing number of
events over 50 mm) and Veneto (the opposite). It should
also be noted that in Piemonte, Emilia Romagna and
Umbria the percentage of negative trends exceeds the
percentage of positive ones.

Fig. 10 shows the percentage change in absolute
rainfall maxima between the two subperiods 1961-1990
and 1991-2023. The map was obtained by calculating
for the two subperiods the multiyear average of annual
absolute maximum daily precipitation for each pixel and
the following calculation was used to obtain the percent-
age variation:

Percentage change = ((mean(1991-2023) - mean (1961-
1990) / mean (1961-1990)) * 100

It is worth noting the good visual correlation exist-
ing between the areas in Fig. 10 with strong positive
changes and the areas in Fig. 8 affected by significant
positive trends in maximum yearly events.

To disentangle the scale effects associated with the
extreme precipitation intensity and frequency, it is use-
ful to investigate the correlation of average yearly pre-
cipitation (Rmed) with the absolute maximum precipita-
tion (RX_abs) (scatterplot in Fig. 14) and the number of
annual events exceeding 50 mm (R>50), the latter repre-
sented in the scatterplot in Fig. 15.

The correlations under examination are both highly
significant: R = 0.3726, p-Value = 0.002636 for Rmed vs.
RX_abs, and R = 0.8011, p-Value = 0.002636 for Rmed
vs. R>50. However, the determination coefficient (R?)
highlights important differences in the explained vari-

Table 1. Regional percentage of pixels with significantly positive / negative trend on number of days with precipitation > 50 mm, and maxi-

mum annual precipitation in the period 1961-2023.

% significative % significative
positive pixels negative pixels
(maximum events) (maximum events)

Administrative Regions

% non significative

% significative % significative
positive pixels negative pixels
(events > 50 mm) (events > 50 mm)

% non significative

Piemonte 23.08 0.39
Valle d'Aosta 1.56 3.13
Lombardia 31.36 2.70
Trentino-Alto Adige 25.40 0.71
Veneto 9.60 1.60
Friuli-Venezia Giulia 1.25 1.88
Liguria 34.58 0.00
Emilia-Romagna 3.69 4.92
Toscana 4.69 1.34
Umbria 4.26 0.61
Marche 6.22 2.70
Tot Area ARCIS 14.66 1.92

76.53 2.23 6.40 91.37
95.31 391 1.56 94.53
65.94 30.32 1.66 68.02
73.89 24.33 0.00 75.67

88.8 20.67 0.53 78.8
96.87 7.19 0.63 92.18
65.42 9.35 0.93 89.72
91.39 1.01 2.68 96.31
93.97 5.14 179 93.07
95.13 3.65 6.69 89.66
91.08 8.38 2.16 89.46
83.42 11.66 2.51 85.83
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Figure 9. Map illustrating the pixels for which the Mann Kendall test highlights a 95% significant trend over the period 1961-2023 for daily
precipitation exceeding 50 mm. The areas with a positive trend are in red, and those with a negative trend are in light blue.
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Figure 10. Map of the percentage change in absolute rainfall maximums between the period 1961-1990 and 1991-2023. The color scale is
based on 7 classes percentiles values.
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ance: R? = 0.1389 for Rmed vs. RX_abs, and R* = 0.6418
(highly significant) for Rmed vs. R>50.

This suggests that the share of variance explained
by mean precipitation is much more limited for RX_abs
than for R>50. In our view, this can be attributed to the
fact that R>50 is primarily driven by macroscale and
mesoscale phenomena, while RX_abs is predominantly
influenced by local-scale (beta mesoscale) factors, such
as the triggering mechanisms of storm events that lead
to high-intensity precipitation.

Fig. 11 shows the percentage change in the number
of days with rainfall greater than 50 mm between the
periods 1961-1990 and 1991-2023, calculated using the
same approach described for Fig. 10. It is important to
note the good visual correlation existing between areas
in Fig. 11 with strong positive changes and areas in Fig.
10 affected by significant positive trends in yearly events
greater than 50 mm. On the other hand, the areas with
negative trends in Fig. 10 (light blue) correspond to areas
of more than 50% reduction in that number of days.

The correlation analysis performed between the
percentage change in the number of days with rainfall
greater than 50 mm and the percentage change in abso-
lute maximum values evidence a Pearson correlation

Ndays > 50mm % change 1961-1990 Vs 1991-2023

regions arcis
e+ cities

773
I -146
I 0,0
[ R
il 195
i 32,2
B 57,0
B 66,6
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coeflicient of 0. 5165 and a p-value less than 0.01 (highly
significant).

Fig. 12 plots the average daily frequency of events >
50 mm on the period 1961-2023, where there is a clear
dominance of events during October/November periods.

Fig. 13 shows the monthly frequency of events > 50
mm (1991-2023 vs 1961-1990). Note that the frequency
increases in the autumn and early winter period, with a
growth peak in November. A significant frequency drop
is recorded in August and smaller drops are observed
from January to April.

In summary, the diagram of frequency monthly
variation highlights the increasing frequency of intense
precipitation events in the autumn as already shown by
Grazzini et al. (2019).

Increased frequency in autumn, mainly in November,
could be possibly associated with changes in atmospheric
circulation and with the increase of surface temperatures
of Mediterranean sea which is the main source of humid-
ity for precipitating systems that affect the Italian area
although there is a significant contribution from Atlantic
humidity in Central Northern Italy (Giustini et al., 2016).

Finally Tab. 2 presents a comparison of numerical
distributions of rainfall events between two time peri-

Figure 11. Map of the percentage change in the annual average of the number of days with maximum rainfall exceeding 50 mm in the
period 1961-1990 compared to those in 1991-2023. The color scale is based on 8 classes percentage values.
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Table 2. Number of events divided by classes in the two subperiods, the period (1991-2023) *has been also normalized to 30 years. The last
column show the percentage of variation between the two subperiods , considering the normalized one.

Class Total num (1961-1990) Total num (1991-2023) Total num (1991-2023) * Variation (%)
0-25 20440061 21395771 19450701 -4.8
25-50 1724348 1929040 1753673 1.7
50-75 318995 382545 347768 9.0
75-100 80935 103922 94475 16.7
100-125 23836 35305 32095 34.6
125-150 8960 13868 12607 40.7
150-175 3692 6016 5469 48.1
175-200 1681 2800 2545 51.4
200-625 1618 2793 2539 56.9

Table 3. Results of the chi-squared test on the data at tab. 2., for
the period (1991-2023), has been considered the normalized one.

Class Chi2 Statistic P-Value Significant trend
0-25 24537.8464 0.0000E+00 Negative
25-50 247.2497 1.0329E-55 Positive
50-75 1241.6642 5.3781E-272 Positive
75-100 1045.0930 2.8372E-229 Positive
100-125 1219.6820 3.2202E-267 Positive
125-150 616.7956 3.7214E-136 Positive
150-175 344.7245 5.9702E-77 Positive
175-200 176.8105 2.4090E-40 Positive
200-625 204.0871 2.6791E-46 Positive

ods: 1991-2023 (33 years) and 1961-1990 (30 years), the
longer one has been normalized to 30 years multiply-
ing values for (30/33). To evaluate the significance of
the difference of number events per classes of daily pre-
cipitation intensities was performed the chi-squared test
which results are reported in Tab. 3. As can be notified,
all p-values are extremely small (close to 0) indicating
that the differences between the two periods are highly
significant. The significance of the changes has been
identified for all the classes. Specifically, only for the
class (0-25) , the lower one, there is a significant decrease
in the events, for all the other higher classes there is a
significant increase in the events.

DISCUSSION

The analysis of North-Central Italy extreme precipi-
tations over the period 1961-2023 from the ARCIS daily
precipitation dataset, allows to obtain an updated precip-
itation climatology compliant with the WMO reference
standards for the current climate.

Furthermore, with reference to extreme events, the
dataset allows to have updated information on the status
and variability of heavy rainfall, both in terms of inten-
sity and frequency. The presented maps, which illustrate
absolute rainfall maxima, number of days with pre-
cipitation greater than 50 mm and percentage changes
between the two periods (1961-1990 and 1991-2023), pro-
vide a detailed picture of such phenomena.

From the analysis carried out it emerges that chang-
es in the regime of precipitation extremes highlighted
by ARCIS dataset are not evenly distributed. In fact, the
signal of intensification mainly concerns specific areas of
some North Italy regions (Piemonte, Lombardia, Ligu-
ria, Trentino Alto Adige e Veneto) while Friuli Venezia
Giulia, Emilia Romagna and the Central Italy regions
show an overall absence of trends.

The absence of a generalized increase highlights the
importance of analyzing phenomena at beta (20-200 km)
and gamma mesoscale (2-20 km), to fully understand
the local impacts and the associated risks. The absence
of trends in precipitation maxima for Toscana region
obtained from ARCIS dataset agrees with the results of
Fatichi and Caporali (2009) and Pinna (2014); results for
Piemonte region are in agreement with those obtained
by Bassi et al. (2011) while results for Lombardia are in
agreement with Parisi et al (2014).

Moreover, it is worth noting that the areas experienc-
ing the two absolute annual precipitation maxima in Italy
- the Carnia region in Friuli Venezia Giulia (with over
3000 mm/year) and the northern shore of Lake Maggiore
(2400 mm/year) (Mori, 1964; Frei and Schir, 1998) -
exhibit overall stationarity in extreme precipitation.

This phenomenon is particularly fascinating because
these maxima result from the interaction between the
Alpine orography and the synoptic circulation. There-
fore, the temporal variability of extreme precipitation
in these areas can be regarded as an important indica-
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Figure 16. Italian Regions interested by ARCIS Dataset.

tor of the influence of synoptic-scale signals on the mes-
oscale climate. Another interesting phenomenon evi-
dent in Northern Italy is the presence of areas showing
an increase in the frequency or intensity of precipita-
tion adjacent to areas that exhibit no change, or even a
decrease. This reflects one of the most remarkable char-
acteristics of the climate system: its variability across all
temporal and spatial scales (Franzke et al., 2020).

Based on our experience with local-scale analysis
and forecasting in the Po Valley, we hypothesize that
these observed trends result from mesoscale processes
triggered by interactions with both larger-scale processes
(e.g., synoptic circulation and air mass advection) and
smaller-scale processes (e.g., boundary layer dynamics).
This aligns with the idea of the Po Valley as a “labora-
tory for mesoscale meteorological processes,” a concept
recently demonstrated in the context of tornado develop-
ment (De Martin et al., 2024).

Precipitation is inherently a complex phenomenon,
driven by causal factors across a wide range of scales,
from macro- to microscale. At the macroscale, factors
include westerlies and large blocking systems; at the mes-
oscale, phenomena such as foehn-stau mechanisms domi-
nate; and at the microscale, processes such as bound-
ary layer dynamics contribute energy and condensation
nuclei to precipitating systems. Consequently, in our spe-
cific case, the frequency and intensity of extreme precipi-
tation are influenced by a range of processes, including:
a) Mediterranean Sea temperature, which directly

affects the flow of sensible and latent heat, warming

and moistening the overlying air mass.

Simone Gabriele Parisi, Gianluca Alimonti, Luigi Mariani

b) Temperature of cold air masses (polar continental,
maritime, or Arctic) that reach the Mediterranean
region from specific source regions.

¢) Cyclogenetic activity within the basin, such as lee
cyclogenesis in the Gulf of Genoa and the Balearic
area, or the cutoff of Atlantic baroclinic waves (Mar-
iani and Parisi, 2013; Carniel et al., 2024).

d) Synoptic disturbances (e.g., Atlantic baroclinic
waves) reaching the basin (Carniel et al., 2024).

e) Orographic precipitation processes, particularly sig-
nificant for the Mediterranean region due to the sur-
rounding mountain ranges, including the Pyrenees,
Alps, Apennines, and Atlas Mountains (Rotunno
and Houze, 2007).

f) Other factors, such as convection organization, ther-
mal and moisture stratification, precipitation effi-
ciency, air-stream ascent mechanisms, interactions
with orography, proximity to the sea, and vertical
wind shear. The Mediterranean, with its warm sea
(especially in autumn) and surrounding high orog-
raphy, provides an ideal setting to study these phe-
nomena (Khodayar et al., 2018).

About the above processes, only one subset current-
ly shows indications of trends. For instance, with refer-
ence to point (a), Mediterranean Sea surface tempera-
tures are rising, with the fastest warming occurring in
the eastern Mediterranean and the northern half of the
western Mediterranean, while the trend is weaker on
the south part of Italy (Bonacci and Vrsalovi’c, 2022).
This warming increases the potential moisture supply
for precipitating systems, especially in autumn, when
the temperature difference between the sea surface and
the overlying air is greatest (Grazzini et al., 2019; Lavers
and Villarini, 2015).

On the other hand, several studies identify large-
scale precursors of Mediterranean extreme precipitation
events. An upper-level trough (Rossby wave) often induc-
es a warm, moist southerly airflow over the western Med-
iterranean (Pinto et al., 2013). More than half of these
moist airflows are classified as Warm Conveyor Belts
(WCB), highlighting the roles of baroclinic instability
and large-scale lifting (Raveh-Rubin and Wernli, 2015).

Air trajectory analysis emphasizes the importance of
large-scale transport and local sources of water vapour
for precipitation systems, particularly during convective
events. Remote origins, such as the North and subtropi-
cal Atlantic, contribute significantly to stratiform precip-
itation, while local sources like Mediterranean evapora-
tion are more influential for convective systems ( Win-
schall et al., 2014). Within extratropical cyclones’ WCB,
moisture advection often occurs via atmospheric rivers -
narrow filaments of high integrated water vapor - which
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are precursors to heavy precipitation in mountainous
regions, including Europe (Lavers and Villarini, 2013).

With reference to point (b) Nygard et al (2023),
working on the 1979-2020 November to March period,
stated that the extremeness of cold air masses reaching
the Mediterranean basin from polar and arctic area has
not decreased at the same rate with the warming cli-
mate, although the Arctic source areas of cold air masses
have experienced Arctic amplification. Therefore, the
thermal contrast with the warm air overlying the Medi-
terranean basin remains high and this translates into a
greater potential supply for precipitating systems.

With reference to point (c), Carniel et al. (2024), ana-
lysing the frequency of explosive cyclones (ECs) in the
Mediterranean from 1979 to 2020, highlighted that no
clear linear trend is discernible in the data, as the num-
ber of ECs fluctuates significantly over the years. Periods
of high activity, such as in the early 1980s and between
2009 and 2012, contrast with years of reduced or no
activity, underscoring the variability in EC occurrences
rather than a consistent increase or decrease over time.

The local nature of the intensity increase that emerg-
es from the analysis of the ARCIS dataset translates into
the fact that areas with significant increases in both the
intensity of maximum precipitation and the frequency of
extreme events, are often close to neighbouring areas that
show a reduction in such phenomena. This leads us to
wonder what the normal climatic conditions are to adopt
for the planning of adaptation works to extreme rainfall.
On this topic, the debate remains open; however, in our
opinion, it would be essential to adopt an approach based
on sufficiently large areas, such as those defined in the
past by the National Hydrographic Service. In a publica-
tion dedicated to maximum precipitation over 1 to 5 days
for the period 1921-1950, Northern Italy was divided into
six homogeneous areas (Cati, 1981)

In any case, we believe that daily rainfall data from
the last 50-70 years can provide valuable insights for
planning adaptation activities. However, relying solely
on 24-hour cumulative rainfall data is insufficient; it is
essential to analyse shorter intervals (e.g., 1, 3, 6, and
12 hours) to gain a more detailed understanding. The
ARCIS database, with its spatial coverage, offers a valu-
able tool for analyzing such phenomena, but it will be
necessary to continue collecting high-quality data to
identify any new trends or anomalies. This will be cru-
cial for proper planning and to address any future
changes in the rainfall regime.

In conclusion, precipitation extremes in North-
Central Italy show strong local variability, rather than a
homogeneous increase on a large scale. This highlights
the need for flexible and targeted strategies of adaptation

for climate risk management in its hazard, exposure, and
vulnerability components. Infrastructure adaptive capac-
ity and water resources planning will need to consider
the geographic specificities of each area to ensure an
effective response to climate change, protecting commu-
nities and minimizing damage caused by extreme events.

A final element worth of discussion is the issue of
data quality, which is a critical element in gridded data-
sets. Such datasets are based on the data reconstruction in
individual cells extreme precipitation events that are char-
acterized by very high spatial and temporal variability.

In this context, it is worth noting that Sun et al.
(2017) conducted a comprehensive review of data sourc-
es and estimation methods used in 30 currently avail-
able precipitation gridded datasets, which are based on
rain gauges, satellite data, and reanalysis data. Their
discrepancies analysis among these datasets revealed
significant differences in both the magnitude and vari-
ability of precipitation estimates, with annual precipi-
tation estimates differing by as much as 300 mm/year
across the products.

Additionally, Mallakpour et al. (2022) conducted
an analysis of six gridded precipitation datasets for the
United States, focusing on the period from 1983 to 2017.
Their study highlighted substantial discrepancies in the
observed changes in the characteristics of both extreme
and non-extreme precipitation events. In the specific
ARCIS case, data validation was performed via:

- checks to eliminate spurious zero rainfall periods
(no rainfall where other stations report rainfall) due
to data digitization errors

- tests for statistical homogeneity (such as SNHT and
Craddock-Vincent test) to eliminate data that did
not meet the criteria

- synchronicity tests to ensure that all stations were
aligned over the same observation period. In some
cases, it was necessary to move the data by one day
to synchronize the recording periods.

On the other hand, it is important to acknowledge
that a significant source of inhomogeneity in worldwide
rainfall measurement time series rises from the radical
changes in observation technology that occurred mostly
between 1980 and 2000. This period saw the transition
from older manual or automatic stations with mechani-
cal transduction to modern automatic stations with elec-
tronic transduction (WMO, 2021b). This technological
shift was often accompanied by changes in measurement
locations, introducing biases due to inconsistencies in
meteorological instruments and sampling points.

From a broader perspective, it is crucial to recog-
nize that inhomogeneities in meteorological measure-
ments can result from various factors, including changes
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in measurement locations, observing technology (hard-
ware), radiation shields, or the software algorithms used
to convert instrument signals into meteorological vari-
able values. To address such issues, the WMO recom-
mends that data from automatic weather stations (AWS)
be processed and adjusted before the discontinuation of
manual measurements (Lukasova et al., 2024). However,
this recommendation has been followed in only a limited
number of cases, such as the Swiss meteorological net-
work (Heimo et al., 2003).

In contrast, many weather station networks (mes-
onets) lack national and international coordination, suf-
fer from poor maintenance, inadequate data quality and
redundancy, as noted by Silvestri et al. (2022)

CONCLUSIONS

The work was carried on ARCIS dataset which refers
to data from Northern Italy and from some regions
(three) of Central Italy. This analysis was referred to
some average precipitation characteristics for the period
1961-2023 and highlighted that precipitation patterns are
stationary despite the presence of a significant interan-
nual variability. The analysis was then extended to inten-
sity and frequency trends of extreme precipitation and
highlighted that 83% and 86% of the area does not show
significant increases in frequency and intensity respec-
tively, while 11% and 15% show significant increases and
2% and 3% show significant decreases. Finally, regarding
seasonality, it was highlighted an extreme phenomena
frequency increase in autumn (from October to Decem-
ber with a more marked increase in November), a weak
decrease from January to April and a marked decrease in
August. The obtained indications have significant impli-
cations in terms of agricultural and hydro-geological
management.

Finally, we would like to point out that it would
be important that the activities will expand also to the
remaining part of the Italian Country to have a meteoro-
logical data homogeneous gathering system coming from
Italian weather station networks (mesonets).

ACKNOWLEDGEMENT

The authors thank the ARCIS researchers’ group for
their precious volunteers-based work and in particular
Dr. Valentina Pavan for her tempestive and kind reply to
our requests on dataset metadata.

Simone Gabriele Parisi, Gianluca Alimonti, Luigi Mariani

REFERENCES

Alpert P, Ben-Gai T., Baharad A., Benjamini Y., Yekutie-
li D., Colacino M., Diodato L., Ramis C., Homar
V., Romero R., Michaelides S., Manes A., 2002. The
paradoxical increase of Mediterranean extreme daily
rainfall in spite of decrease in total values. Geophysi-
cal Research Letters 29(11): 301-314

Antolini G., Auteri L., Pavan V., Tomei F, 2015. A daily
high-resolution gridded climatic data set for Emil-
ia-Romagna, Italy, during 1961-2010. International
Journal of Climatology, August 2015, https://doi.
org/10.1002/joc.4473

Barton Y., Rivoire P., Koh J., Ali M. Kopp J., Martius
0., 2022. On the temporal clustering of European
extreme precipitation events and its relationship
to persistent and transient large-scale atmospheric
drivers. Weather and Climate Extremes, Volume 38,
December 2022, 100518.

Bassi M., Colombino G., Cremonini R., Masciocco L.,
2011. Analisi delle piogge estreme in Piemonte. Atti
del convegno Le modificazioni climatiche ed i rischi
naturali, 53-58.

Bauer, V. M., & Scherrer, S. C. (2024). The observed evo-
lution of sub-daily to multi-day heavy precipitation
in Switzerland. Atmospheric Science Letters 25(9):
e1240. https://doi.org/10.1002/asl.1240

Bonacci, O.; Vrsalovi‘c, A., 2022. Differences in Air
and Sea Surface Temperatures in the Northern and
Southern Part of the Adriatic Sea. Atmosphere 2022,
13: 1158. https://doi.org/10.3390/atmos13071158

Brunetti M., Caloiero T., Coscarelli R., Gulla G., Nanni T,
Simolo C., 2010. Precipitation variability and change
in the Calabria region (Italy) from a high resolution
daily dataset. https://doi.org/10.1002/joc.2233

Carniel C.E., Ricchi A., Ferretti R., Curci G., Miglietta
M.M., Reale M., Serafini P.,, Wellmeyer E.D., Davolio
S., Zardi D., Kantha L., 2024. A high-resolution cli-
matological study of explosive cyclones in the Medi-
terranean region: Frequency, intensity and synoptic
drivers. Q J R Meteorol Soc. 150: 5561-5582.

Cati L., 1981. Idrografia e idrologia del Po, Roma, Istituto
Poligrafico e Zecca dello Stato, 310 pp.

De Martin F., Davolio S., Miglietta M.M., Levizzani V.,
2024. A Conceptual Model for the Development of
Tornadoes in the Complex Orography of the Po Val-
ley. Monthly Weather Review 152(6): 1357-1377.

Doswell IIT C.A., Brooks H.E., Maddox R.A., 1996. Flash
Flood Forecasting: An Ingredients-Based Methodol-
ogy. Weather and forecasting 11(4): 560-581.

Fatichi S., Caporali E., 2009. A comprehensive analysis of
changes in precipitation regime in Tuscany. Interna-


https://doi.org/10.1002/joc.4473
https://doi.org/10.1002/joc.4473
https://doi.org/10.1002/asl.1240
https://doi.org/10.3390/atmos13071158
https://doi.org/10.1002/joc.2233

Mean and extreme precipitation regime in North and Central Italy — between stability and change 21

tional Journal of Climatology 29(13): 1883-1893.

Franzke C.L.E., Barbosa S., Blender R., Fredriksen
H.-B., Laepple T., Lambert F., 2020. The struc-
ture of climate variability across scales. Reviews
of Geophysics 58: €2019RG000657. https://doi.
org/10.1029/2019RG000657

Frei C., Schir C., 1998. A precipitation climatology of the
Alps from high-resolution rain-gauge observations.
Int. J. Clim. 18(8): 873-900.

Gilbert R.O, 1987. Statistical methods for environmental
pollution monitoring. Van Nostrand Reinhold, New
York, 321 pp.

Giustini F., Brilli M. and Patera A., 2016. Mapping oxy-
gen stable. isotopes of precipitation in Italy. Journal
of Hydrology: Regional Studies 8(2016): 162-181.

Grazzini F, Craig G.C., Keil C.,Antolini G., Pavan V,,
2019. Extreme precipitation events over northern
Italy. Part I: A systematic classification with machine-
learning techniques. Q J R Meteorol Soc. 146: 69-85.
https://doi.org/10.1002/qj.3635

Heimo A. , Konzelmann T., 2003. SwissMetNet: Renewal
of the Swiss Meteorological Networks. Proceedings
of the International Conference on the Experiences
with Automatic Weather Stations, Torremolinos,
Spain, 19-21 February, 2003.

IPCC, 2023. Sections. In: Climate Change 2023: Synthe-
sis Report. Contribution of Working Groups I, IT and
III to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change [Core Writing
Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva,
Switzerland, pp. 35-115, https://doi.org/10.59327/
IPCC/AR6-9789291691647

Isotta F.A., Frei C., Weilguni V., Percec Tadic M., Lasseg-
ues P., Rudolf B., Pavan V., Cacciamani C., Antolini
G., Ratto S.M., Munari M., Micheletti S., Bonati V.,
Lussana C., Ronchi C., Panettieri E., Marigo G., Vert-
acnik G., 2013. The climate of daily precipitation in
the Alps: development and analysis of a high-reso-
lution grid dataset from pan-Alpine rain-gauge data.
Int J Climatol. 34(5): 1657-1675.

Katz J., 2023. Concepts across the Sciences: Stability and
Change, USA Library of congress, https://blogs.loc.
gov/teachers/2023/03/concepts-across-the-sciences-
stability-and-change/

Khodayar S., Kalthoft N. , Kottmeier C. ,2018. Atmospheric
conditions associated with heavy precipitation events
in comparison to seasonal means in the western Medi-
terranean region. Climate Dynamics 51(3): 951-967.

Lavers D.A. , Villarini G., 2013. The nexus between
atmospheric rivers and extreme precipitation across
Europe. Geophysical Research Letters 40: 3259-3264.
https://doi.org/10.1002/grl.50636

Lavers D.A. , Villarini G., 2015. The relationship between
daily European precipitation and measures of
atmospheric water vapour transport. International
Journal of Climatology 35: 2187-2192. https://doi.
org/10.1002/joc.4119

Lebon E., Dumas V., Pieri P, Schultz H.R. , 2003. Model-
ling the seasonal dynamics of the soil water balance
of vineyards. Funct. Plant Biol. 30: 699-710.

Libertino A., Macchia S., Claps P, 2016. Nubifragi eccezi-
onali in Italia: analisi preliminare di rilevanza sugli
eventi 1920-2000, Atti del XXXV Convegno Nazion-
ale di Idraulica e Costruzioni Idrauliche, Bologna,
14-16 Settembre 2016, 4 pp. (in Italian)

Libertino A., Ganora D., Claps P., 2018 Technical note:
Space-time analysis of rainfall extremes in Italy -
clues from a reconciled dataset. Hydrol. Earth Syst.
Sci. 22: 2705-2715. https://doi.org/10.5194/hess-22-
2705-2018

Libertino A., Ganora D., Claps P, 2019. Evidence for
increasing rainfall extremes remains elusive at large
spatial scales: the case of Italy. Geophysical Research
Letters https://doi.org/10.1029/2019GL083371

Lukasova V., Varsova S., Onderka M., Bilcik D., Buch-
holcerov A., Nejedl P, 2024. Continuity of long-term
climate data series after the transition from manual
to automatic weather station. Contributions to Geo-
physics and Geodesy 54(3): 251-266.

Mallakpour I., Sadeghi M., Mosaffa H., Akbari Asanjan
A., Sadegh M., Nguyen P, Sorooshian S., and Agha-
Kouchak A., 2022. Discrepancies in changes in pre-
cipitation characteristics over the contiguous United
States based on six daily gridded precipitation data-
sets. Weather Clim. Extrem. 36: 100433. https://doi.
org/10.1016/j.wace.2022.100433

Mariani L., Parisi S., 2013. Extreme rainfalls in the Medi-
terranean area, in Storminess and environmental
changes: climate forcing and responses in Mediterra-
nean region. Diodato and Bellocchi (Eds.), Springer.

Mariani L. , Parisi S. , Cola G. , Failla O., 2012. Climate
change in Europe and effects on thermal resources
for crops. International Journal of Biometeorology
56: 1123-1134. https://doi.org/10.1007/s00484-012-
0528-8

Mori A., 1964. Carta delle precipitazioni medie annue in
Italia (trentennio 1921-1950), CNR, Istituto di geo-
grafia dell'Universita di Pisa, Roma, Cartografia Ric-
cardi (in Italian).

Nygard T., Papritz L., Naakka T., Vihma T., 2023. Cold
wintertime air masses over Europe: where do they
come from and how do they form? Weather Clim.
Dynam. 4: 943-961. https://doi.org/10.5194/wcd-4-
943-2023


https://doi.org/10.1029/2019RG000657
https://doi.org/10.1029/2019RG000657
https://doi.org/10.1002/qj.3635
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://blogs.loc.gov/teachers/2023/03/concepts-across-the-sciences-stability-and-change/
https://blogs.loc.gov/teachers/2023/03/concepts-across-the-sciences-stability-and-change/
https://blogs.loc.gov/teachers/2023/03/concepts-across-the-sciences-stability-and-change/
https://doi.org/10.1002/grl.50636
https://doi.org/10.1002/joc.4119
https://doi.org/10.1002/joc.4119
https://doi.org/10.5194/hess-22-2705-2018
https://doi.org/10.5194/hess-22-2705-2018
https://doi.org/10.1029/2019GL083371
https://doi.org/10.1016/j.wace.2022.100433
https://doi.org/10.1016/j.wace.2022.100433
https://doi.org/10.1007/s00484-012-0528-8
https://doi.org/10.1007/s00484-012-0528-8
https://doi.org/10.5194/wcd-4-943-2023
https://doi.org/10.5194/wcd-4-943-2023

22

Parisi S.G., Mariani L., Cola G., 2014. Extreme rainfall in
the Lombardy region. Italian Journal of Agrometeor-
ology 1: 19-28.

Pavan V., G.Antolini, G.Agrillo, L. Auteri, R. Barbiero,
V. Bonati, F. Brunier, C.Cacciamani, O. Cazzuli, A.
Cicogna, C. De Luigi, L. Maraldo, G. Marigo, R. Mil-
lini, E. Panettieri, S. Ratto, C. Ronchi, S. Saibanti,
A. Sulis, F. Tomei, R. Tomozeiu, I. Torlai, G. Villani,
2013. The ARCIS Project. Italian Journal of Agrome-
teorology 2: 51-55.

Pavan V., Antolini G., Barbiero R., Berni N., Brunier E.
Cacciamani C. Cagnati A., Cazzuli O., Cicogna A.,
De Luigi C., Di Carlo E., Francioni M., Maraldo L.,
Marigo G., Micheletti S. Onorato L., Panettieri E.,
Pellegrini U., Pelosini R., Piccinini D., 2018. High
resolution climate precipitation analysis for north-
central Italy, 1961-2015" Climate Dynamics 52: 1-19.

Pinna S., 2014. La falsa teoria del clima impazzito, 158
pp- (in italian)

Pinto J.G., Ulbrich S., Parodi A., Rudari R., Boni G.,
Ulbrich U.,, 2013. Identification and ranking of
extraordinary rainfall events over northwest Italy:
the role of Atlantic moisture. Journal of Geophysical
Research: Atmospheres 118: 2085-2097. https://doi.
org/10.1002/jgrd.50179

Piotrowicz K., Ciaranek D., 2020. A selection of weather
type classification systems and examples of their
application. Theoretical and Applied Climatology
140: 719-730. https://doi.org/10.1007/s00704-020-
03118-2

Pucik T., 2024. Meteorological analysis of extreme flash
flood situation in the Valencia region, https://www.
essl.org/cms/meteorological-analysis-of-extreme-
flash-flood-situation-in-the-valencia-region/ (site vis-
ited at 27 June 2025)

Raveh-Rubin S., Wernli H., 2015. Large-scale wind and
precipitation extremes in the Mediterranean - a cli-
matological analysis for 1979-2012. Quarterly Journal
of the Royal Meteorological Society 141: 2404-2417.
https://doi.org/10.1002/qj.2531

Reid P.C,, Hari R.E., Beaugrand G., Livingstone D.M.,
Marty C., Straile D., Barichivich J., Goberville E.,
Adrian R., Aono Y., Brown R., Foster J., Groisman P,,
Hélaouét P., Hsu H.H., Kirby R., Knight J., Kraberg
A, Li ], Lo T.T., Myneni R.B., North R.P.,, Pounds
J.A., Sparks T., Stiibi R., Tian Y., Wiltshire K.H., Xiao
D., Zhu Z., 2015. Global impacts of the 1980s regime
shift. Glob Chang Biol. 22(2): 682-703. https://doi.
org/10.1111/gcb.13106

Rotunno R., Houze R.A., 2007. Lessons on orographic
precipitation from the Mesoscale Alpine Programme.
Q. J. R. Meteorol. Soc. 133: 811-830.

Simone Gabriele Parisi, Gianluca Alimonti, Luigi Mariani

Silvestri L., Saraceni M., Bongioannini Cerlini P., 2022.
Quality management system and design of an inte-
grated mesoscale meteorological network in Central
Italy. Meteorological Applications 29: €2060. https://
doi.org/10.1002/met.2060

Skipper S., Perktold J., 2010. Statsmodels: Econometric
and statistical modeling with python. Proceedings of
the 9th Python in Science Conference.

Sun Q., Miao C., Duan Q., Ashouri H.,Sorooshian S.,
Hsu K.-L., 2017. A review of global precipitation data
sets: Data sources, estimation, and inter-compari-
sons. Reviews of Geophysics 56: 79-107. https://doi.
org/10.1002/2017RG000574

Sun Q., Zhang X., Zwiers F., Westra S., Alexander LV.,,
2021. A Global, Continental, and Regional Analysis
of Changes in Extreme Precipitation. Journal of Cli-
mate 1 Jan 2021: 243-258. https://doi.org/10.1175/
JCLI-D-19-0892.1

Winschall A., Sodemann H., Pfahl S. , Wernli H., 2014.
How important is intensified evaporation for Medi-
terranean precipitation extremes? Journal of Geo-
physical Research: Atmospheres 119: 5240-5256. htt-
ps://doi.org/10.1002/2013JD021175

World Meteorological Organization, 2021a. Updated
30-year reference period reflects changing climate,
https://wmo.int/media/news/updated-30-year-refer-
ence-period-reflects-changing-climate (site visited the
3 January 2025)

World Meteorological Organization, 2021b. Guide to
meteorological instruments and methods of observa-
tion (WMO guide n. 8), Geneva, CH, https://com-
munity.wmo.int/en/activity-areas/imop/wmo-no_8


https://doi.org/10.1002/jgrd.50179
https://doi.org/10.1002/jgrd.50179
https://doi.org/10.1007/s00704-020-03118-2
https://doi.org/10.1007/s00704-020-03118-2
https://www.essl.org/cms/meteorological-analysis-of-extreme-flash-flood-situation-in-the-valencia-region/
https://www.essl.org/cms/meteorological-analysis-of-extreme-flash-flood-situation-in-the-valencia-region/
https://www.essl.org/cms/meteorological-analysis-of-extreme-flash-flood-situation-in-the-valencia-region/
https://doi.org/10.1002/qj.2531
https://doi.org/10.1111/gcb.13106
https://doi.org/10.1111/gcb.13106
https://doi.org/10.1002/met.2060
https://doi.org/10.1002/met.2060
https://doi.org/10.1002/2017RG000574
https://doi.org/10.1002/2017RG000574
https://doi.org/10.1175/JCLI-D-19-0892.1
https://doi.org/10.1175/JCLI-D-19-0892.1
https://doi.org/10.1002/2013JD021175
https://doi.org/10.1002/2013JD021175
https://wmo.int/media/news/updated-30-year-reference-period-reflects-changing-climate
https://wmo.int/media/news/updated-30-year-reference-period-reflects-changing-climate
https://community.wmo.int/en/activity-areas/imop/wmo-no_8
https://community.wmo.int/en/activity-areas/imop/wmo-no_8

Italian Journal of
Agrometeorology

Rivista Italiana di Agrometeorologia

a OPEN ACCESS

Citation: Surmaini, E., Misnawati,
Ramadhani, F., Dewi, E. R., Sarvina,
Y., Syahputra, M. R., Estiningtyas, W.,
Apriyana, Y., Susanti, E., & Aziz, A.
(2025). Anew spatial-temporalmodelling
approach for predicting rice drought
in Indonesia using the Standardized
Precipitation Index. [ltalian Journal
of Agrometeorology (2): 23-37. doi:
10.36253/ijam-3677

Received: July 24, 2025
Accepted: October 25, 2025
Published: December 31, 2025

© 2024 Author(s). This is an open
access, peer-reviewed article pub-
lished by Firenze University Press
(https://www.fupress.com) and distrib-
uted, except where otherwise noted,
under the terms of the CC BY 4.0
License for content and CCO 1.0 Uni-
versal for metadata.

Data Availability Statement: All rel-
evant data are within the paper and its
Supporting Information files.

Competing Interests: The Author(s)
declare(s) no conflict of interest.

ORCID:

ES: 0000-0002-2540-6504
M: 0009-0006-3356-3223
FR: 0000-0003-1642-9234
ERD: 0000-0001-8991-7613
YS: 0000-0002-9185-2596
MRS: 0000-0002-0146-4099
WE: 0000-0002-5514-2132
YA: 0000-0003-1809-6103
ES: 0009-0007-8295-9651
AA: 0000-0001-6685-5165

Firenze University Press
https://riviste.fupress.net/index.php/I[JAm

A new spatial-temporal modelling approach for
predicting rice drought in Indonesia using the
Standardized Precipitation Index

Frza SURMAINIY, MISNAWATI', FADHLULLAH RAMADHANI?, ELSA RAKHMI
Dewr!, YELI SARVINA!, MUHAMMAD RIDHO SYAHPUTRA?>, WORO ESTINING-
TYAS!, YAYAN APRIYANA!, ERNI SUSANTI!, AMIRAL Az1z*

I Research Center for Climate and Atmosphere, National Research and Innovation Agen-
¢y (BRIN), JI. Raya Puspiptek 60, Tangerang Selatan 15310. Indonesia

2 Research Center for Geoinformatics, National Research and Innovation Agency (BRIN),
Raya Jakarta-Bogor KM 46, Cibinong, Indonesia

3 Faculty of Earth Sciences and Technology, Bandung Institute of Technology, J| Ganesha
no 10. Bandung, Indonesia

# Research Center for Energy Conversion Technology, National Research and Innovation
Agency (BRIN), JI. Raya Puspiptek 60, Tangerang Selatan 15310. Indonesia
*Corresponding author. E-mail: elza001@brin.go.id

Abstract. Agricultural drought poses a major threat to rice production in Indonesia,
highlighting the need for dynamic prediction to support timely and effective manage-
ment strategies. This study aims to develop a new approach for predicting rice drought
stress that incorporates the characteristics of SPI3, emphasizing onset and trends, and
to evaluate the model’s accuracy in predicting rice drought. The onset of SPI3 denotes
conditions at the start of the planting season, while the SPI3 trend represents the four-
month gradient from planting to harvest. The Normalized Difference Vegetation Index
(NDVI) derived from MODIS was utilized to validate the spatial and temporal predic-
tions of rice drought using the Proportion Correct (PC) method. The model performs
most reliably in capturing severe droughts during the dry season, with accuracies in
the very high drought category ranging from 60% to 85%. Performance declines in
March and August, highlighting challenges during the transitions between wet and dry
seasons. During the El Nifio year, predictions aligned with observed very high drought
(PC: 59-77%), whereas in the La Nifa year, they matched the low drought category
(PC: 72-76%). Comparable prediction accuracies in Indramayu and Bone indicate
the feasibility of developing a generalized model for Indonesias diverse rice-produc-
ing areas. Future improvements should integrate higher-resolution data and machine
learning, account for local irrigation practices, and expand validation across regions to
enhance model transferability and comprehensively assess its performance.
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HIGHLIGHTS

- Rice production in Indonesia is highly susceptible to
drought, with the damaged areas increasing sharply
during El Nifio years.

- The onset and trend of the 3-month Standardized
Precipitation Index (SPI3) reflect drought risk across
the growing season, making it a reliable predictor of
rice drought.

- Negative SPI3 trends correspond to lower yields,
while positive trends indicate higher yields, demon-
strating SPI3’s predictive value for yield variability.

- The higher accuracy in predicting severe rice
drought enhances early warning systems and ena-
bles proactive drought mitigation.

INTRODUCTION

Drought, as a natural disaster, demonstrates a
complex and cascading nature, leading to more severe
impacts compared to single-disaster events. Agriculture
is significantly affected by drought hazards, which are
a primary cause of crop failures and pose a substan-
tial threat to global food security (FAO, 2012; Zinat et
al., 2020). Prior studies indicate that the duration and
intensity of droughts are expected to increase signifi-
cantly in the future (Zhou et al., 2023; Li et al., 2024).
These findings confirm that drought represents a con-
siderable future threat, underscoring the necessity of
understanding its patterns and intensity for effective
anticipatory action.

Rice serves as the staple food for over 280 million
people in Indonesia. Rice fields cover approximately
7.4 million hectares across various regions of the coun-
try (BPS [Statistics Indonesia], 2024). Planting gener-
ally occurs twice a year, namely during the wet season
planting (WSP) and the first dry-season planting (DSP1),
with the possibility of a third planting in irrigated are-
as when water resources are sufficient (the second dry-
season planting, DSP2). Rice production in Indonesia
is highly susceptible to drought, particularly during the
dry-season plantings (Naylor et al., 2007; Surmaini et al.,
2015). El Nifo events are often associated with droughts
that significantly reduce rice production in Indonesia
(D’Arrigo and Wilson, 2008; Surmaini et al., 2015; Boer
and Surmaini, 2020). Data from the Ministry of Agricul-
ture of the Republic of Indonesia indicate that prolonged
droughts caused by moderate to strong El Nifio events
between 1990 and 2020 resulted in annual rice produc-
tion losses ranging from approximately 500,000 to 1.7
million tons.

Elza Surmaini et al.

Droughts are typically classified according to their
duration and impacts on various ecological and social
contexts (Mishra and Singh, 2010). Consequently, they
are generally categorized into four types: meteorological,
agricultural, hydrological, and socio-economic droughts.
The transition from meteorological drought to agricul-
tural drought is particularly crucial for developing effec-
tive early warning systems for agricultural drought (Xu
et al., 2023). Drought propagation refers to the transition
from meteorological drought to other types of drought
(Bhardwaj et al., 2020). Typically, droughts begin with
insufficient precipitation, which subsequently reduces
soil moisture and decreases surface and groundwater
availability (Hao & Singh, 2015), ultimately leading to
adverse effects on crops (Wu et al., 2020; Li et al., 2024).

The Standardized Precipitation Index (SPI) is wide-
ly recognized as one of the most the straightforward
method for drought analysis and monitoring (McKee et
al., 1993). Its widespread adoption can be attributed to
its interpretability, comparability, standardized calcula-
tion methods (Zipper et al., 2016; Leng and Hall, 2019),
flexibility, simplicity, and accessibility of data (Dai et al.,
2020). In addition, SPI is easy to compute and demon-
strates strong adaptability across both temporal and spa-
tial scales (Pei et al., 2020). The SPI at a 3-month scale
(SPI3) is particularly suitable for agricultural drought
monitoring because it captures short to medium term
precipitation deficits that directly affect soil moisture
and crop growth (McKee et al., 1993; Zargar et al,,
2011). Tsige et al. (2019) identified a strong relationship
between SPI3 and agricultural drought, making it a val-
uable indicator for monitoring agricultural drought (Dai
et al., 2020).

Although the SPI is a well-established and widely
applied indicator for drought assessment, it frequently
categorizes drought events based on static thresholds or
classifications. This study introduces a novel interpre-
tive framework by focusing on the gradual onset and
trend dynamics of SPI3 as a predictive indicator for
rice drought. Our approach emphasizes the temporal
pattern and directionality of SPI3, monitoring how its
values evolve before a drought fully manifests. To our
knowledge, few studies examine SPI3 in this dynamic,
trend-oriented manner specifically tailored for agro-
nomic drought prediction in rice systems. The primary
ratio for employing this index as a drought predictor is
the recognition that rice growth and yield are influenced
not only by conditions at the onset of planting but also
throughout the entire growing period. By capturing the
gradual escalation and directional shifts of SPI3 values,
our method offers earlier detection of emerging drought
stress aligned with critical rice growth stages, enabling
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a more sensitive and agronomically relevant early-warn-
ing tool. The objective of this study is to develop a rice
drought prediction model that incorporates combined
SPI3 characteristics, with an emphasis on the onset and
trend dynamics, and to evaluate the model’s accuracy in
predicting rice drought.

MATERIALS AND METHODS
Study area

The model was constructed using data from two
districts, namely Indramayu in West Java Province, rep-
resenting the monsoon rainfall pattern, and Bone in
South Sulawesi Province, exemplifying the local rain-
fall pattern. These regions serve as key centers of rice
production and are vulnerable to drought occurrences.
Indramayu is located in the western region of Indonesia,
whereas Bone is situated in the central region (Figure 1).

Data
Meteorological data

Daily meteorological data from 38 rain gauge sta-
tions in Indramayu and Bone, including rainfall, mini-
mum and maximum temperatures, and solar radiation,
were collected for the period 1982-2009. The spatial
distribution of the rain gauge stations used in this study
is shown in Figure 1. In addition, gridded rainfall data
from the Climate Hazards Group InfraRed Precipitation
with Station (CHIRPS) dataset for the years 2010-2019
were used for the SPI3 model application.

Soil data

Soil data samples were collected from study fields
in each sub-district of Indramayu and Bone. The data
included drainage class, runoff potential, slope, soil
layers, texture, organic carbon, pH, nitrogen content,
bulk density, and cation exchange capacity.
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Management practice data

In this study, management practices data were
obtained through interviews with farmers. The data
included sowing date, sowing density, row width, trans-
planting date, fertilizer application rates and dates, as
well as irrigation application dates and amounts.

Crop phenology

Data on crop phenology were obtained from the
Book of Variety Description of Rice published by the
Indonesian Center for Food Crops Research and Devel-
opment (ICFORD). The data included crop varieties,
emergence, flowering, maturity, heat units, biomass at
each stage, and yield.

Vegetation index

The Normalized Difference Vegetation Index
(NDVI) was generated from MOD13Q1.061 Terra Veg-
etation Indices of MODIS TERRA, with a spatial reso-
lution of 250 m and a temporal resolution of 16 days.
The MODIS data underwent atmospheric correction to
ensure reliable measurements of vegetation indices over
time (de Oliveira and Epiphanio, 2012).

Elza Surmaini et al.

Methods

The method begins with the simulation of prob-
able rice yields using the Decision Support System for
Agro-technology Transfer (DSSAT) and the develop-
ment of the SPI3-rice yield model. The model is imple-
mented with SPI3, informed by gridded rainfall data
from CHIRPS, to assess the spatial prediction of rice
drought. The final step involves validating rice drought
predictions using NDVT obtained from MODIS TERRA
and evaluating prediction skill with the Proportion
Correct (PC) method. Figure 2 presents the analysis
flowchart.

Crop simulation scenario

The CERES-Rice model, a component of DSSAT
(Hoogenboom et al., 2023; Jones et al., 2003), was used
to simulate rice yield. The model has been validated
and shown to provide high accuracy for the Indonesian
region (Boer and Surmaini, 2020), with simulated rice
yield results of R*-adj = 88% (P<0.01). Planting date sce-
narios were established at 10-day intervals during the
dry season, specifically on the 5th, 15th, and 25th of
February, March, April, and May in Indramayu, and in
May, June, July, and August in Bone for the period 1982-
2009. The rice variety used was Ciherang, with a com-
mon fertilizer application of 200 kg/ha of urea, applied
twice at 10 and 40 days after planting. Planting distance
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: management | | SPI3 1i eld
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Figure 2. Flowchart outlining the development process of the rice drought prediction model.
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was set at 25 x 20 cm, and transplanting was conducted
21 days after seedling emergence.

The Onset and Trend of SPI3

The SPI3 is calculated using the formula proposed
by McKee et al. (1993). The SPI3 compares precipita-
tion over a specific three-month period with historical
records for the same period. The onset of SPI3 denotes
its value at the beginning of the planting season. The
SPI3 trend is defined by the gradient of SPI3 over four
months, spanning from planting initiation to harvest, as
shown in Figure 3. Rice yield predictions were generated
one month prior to planting, providing an early warning
of potential yield losses due to drought.

Linkage between the onset and trend SPI3 and rice yield

The Cartesian plane quadrants were utilized to
examine the relationships between the onset and trend
of SPI3 and rice yield (Figure 4). Quadrant (Q) I indi-
cates the emergence of a positive SPI3 accompanied by
an upward trend. Q II demonstrates the commence-
ment of a positive SPI3, albeit with a declining trend.
Q IIT depicts the onset of a negative SPI3, yet shows an
upward trend. Finally, Q IV denotes the onset of a nega-
tive SPI3 with a declining trend. The SPI3 trend further
provides insights into moisture dynamics, where a posi-
tive trend indicates an increase in moisture levels over
time, whereas a negative trend signifies decreasing mois-
ture levels.
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Figure 3. Plot of SPI3 onset and trend associated with planting and
harvesting between April and July. As illustrated, the onset of SPI3,
defined three months in advance (April 2008), is -0.3, while the
SPI3 trend from April to July shows a gradient of +0.4.
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Figure 4. The quadrant illustrates the relationship between SPI3
onset (y-axis), SPI3 trend (x-axis), and rice yield.

Validation of rice drought prediction

This study employed NDVI to validate the spatial
and temporal patterns of rice drought. In rice culti-
vation, which is particularly sensitive to variations in
water availability, NDVI is instrumental in detecting
early indicators of drought stress (Thapa et al., 2019).
The dataset comprises two primary near-infrared (NIR)
bands, which were employed to calculate NDVTI follow-
ing the formulation in Equation (1):

NIR-Red
NDVI = {riRed )

NDVTI anomalies were calculated by comparing the
monthly NDVT values for each year with a baseline peri-
od from 2014 to 2020. Negative anomalies indicated veg-
etation health below normal levels, suggesting the occur-
rence of water stress (Nanzad et al., 2019). The formula
for NDVI anomaly is defined by Equation (2):

NDVIAnomaly = NDVIObserved — NDVIbaseline (2)

Where: NDVI p.rveq is the monthly median NDVI
value for a specific time period. NDVIy, ;.. is the
monthly median NDVT value over a baseline period.

Vegetation anomalies were classified into four sever-
ity levels based on NDVI anomaly values, determined by
predefined thresholds, as shown in Table 1.

Performance measures

Proportion of Correct (PC) is recognized as the
most straightforward for assessing the accuracy of cat-
egorical forecast systems. Its simplicity and ease of inter-
pretation make it a useful baseline for evaluating model
performance, particularly when class distributions are
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Table 1. NDVI anomaly ranges for drought hazard classification.

Elza Surmaini et al.

Class NDVI Anomaly Range Drought level Description
Class 1 Anomaly > 0.05 Low Above-normal vegetation growth, likely resulting from surplus water availability
Class 2 -0.05 < Anomaly < 0.05  Moderate Absence of significant water stress or drought conditions
Class 3 -0.1 < Anomaly < -0.05 High Minor drought conditions, characterized by vegetation experiencing moderate water stress

Class 4 Anomaly < -0.1

Very High Signify severe drought conditions

balanced (Nurmi, 2003; Wilks, 2019), and it has been
widely used in drought prediction systems where ease of
communication to stakeholders is critical (Wilks, 2019).
This measure is derived by calculating the ratio of accu-
rate predictions to the total number of predictions, as
described by Equation (3). The schematic contingency
for categorical forecasts is detailed in Table 2.

PC =24 3)

The PC methods commonly applied to analyze cat-
egorical data are based on contingency tables (Mason,
2012). The elements of equation 3 and Table 2 are
defined as a (hits) represents the number of true posi-
tives, where the model predicted drought and drought
was observed, b (false alarms) indicates the number
of false positive, where the model predicted drought,
although no drought was observed, ¢ (misses) represents
the number of false negative, where the model predicted
no drought, but drought was occurred, d (correct rejec-
tions) indicates the number of true negatives, where the
model correctly predicted no drought and no drought
was observed, and n expresses the total number of
observations.

The model was developed using historical data
from 1982 to 2009, which served as the model construc-
tion. The validation process was conducted using an
independent dataset covering the period 2014 to 2020,
applied at monthly intervals. The choice of these peri-
ods was determined by the availability and consistency
of reliable data, while the gap years (2010-2013) were
excluded due to data incompleteness. This approach
ensured that the model’s performance could be rigor-

Table 2. Schematic contingency table for categorical forecasts of
binary events.

Observed
Forecast
Yes No Total
Yes a (Hits) b (False alarms) a+b
No ¢ (Misses) d (Correct rejections) c+d
Total a+c b+d a+b+ctd=n

ously evaluated under independent conditions, thereby
strengthening the reliability of its predictive capability.
Additional validation was conducted for specific months
in DSP1 (June) and DSP2 (October) during Neutral
(2014), El Nifio (2015), and La Nifia (2017) years.

RESULTS
Association between SPI3 and rice yield

Figure 5 illustrates that the temporal patterns of
SPI3 and rice yield anomalies show that periods of
negative and positive rice yield anomalies are inter-
spersed with dry and wet conditions throughout the
study years. In Indramayu, notable drought events,
indicated by negative SPI3 values, were recorded in
1982, 1991, and 1997. During these years, rice yield
anomalies were markedly lower than average, reflect-
ing a significant reduction in actual rice yields com-
pared to typical levels. These events are associated with
reduced WSP periods and production, consistent with
the lower-than-average yield anomalies we observe in
those years (Siswanto et al., 2022). In contrast, in Bone,
yield declines occur only during extreme or prolonged
drought, reflecting local hydroclimatic and manage-
ment differences (Sunusi et al., 2024). This spatial het-
erogeneity in drought-yield relationships highlights a
broader pattern seen across Indonesia, where rice yield
responses to SPI-based drought indicators vary con-
siderably depending on local agroclimatic conditions
(Hendrawan et al., 2023).

The onset and trend SPI3 - rice yield model

Figure 6 was generated by combining data from the
two study areas, Indramayu and Bone. These data were
used to develop a prediction model designed to robustly
capture agricultural drought events in distinct rainfall
regimes, specifically the monsoonal rainfall in Indram-
ayu and the local rainfall in Bone.

This figure reveals a clear association between the
onset and trend of SPI3 and rice yields. Rice yields below
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Figure 5. Evolution of SPI3 from 1982 to 2000, with a comparison to rice yield anomalies in Indramayu and Bone.

2 t/ha appear more frequently in Quadrants IT and III,
which are characterized by negative SPI3 trends indi-
cating drier conditions during the growing season, con-
sistent with other regional findings that SPI3 effectively
captures drought-induced reductions in rice productivity
(Surmaini et al., 2019). In contrast, Quadrants I and IV -
marked by positive SPI3 trends and therefore wetter con-
ditions show a higher incidence of rice yields exceeding
4 t/ha, suggesting improved moisture availability signifi-
cantly mitigates drought-induced yield losses.

The Cumulative Distribution Function (CDF) offers
a compelling visualization of the probability distribu-
tion of rice yields under the corresponding conditions
in each quadrant. Figure 7 shows the CDF curves for
QII and QIII, which demonstrate a gradual increase up
to less than 4 t/ha, indicating that lower rice yields are
more prevalent when both SPI3 trends are negative. In
contrast, in QI and QIV, the CDF curves exhibit a steep
increase once rice yields exceed 4 t/ha, suggesting that
higher rice yields are more common when both the
onset and trend of SPI3 are positive.

The rice drought category in each quadrant is
assessed using a score based on a rice yield threshold
of 2 t/ha, under the assumption that drought condi-
tions result in yields falling below this level. The score
is calculated by multiplying the percentage of rice yields
below 2 t/ha in each quadrant by the probability of these
yields occurring in that quadrant, relative to the total
sample across all quadrants. The rice drought categories
are classified into four levels, as presented in Table 3.

Skill of rice drought prediction

The performance of rice drought prediction across
four drought categories from 2014 to 2020 is shown in
Figure 8. The analysis was conducted monthly from Jan-
uary to December, comparing the model’s predictions
with observed conditions using NDVI data from the
MOD13Q1 product.

Figure 8 (a) displays rice drought predictions in
Indramayu. In the low drought category, accuracy
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5 Empirical CDF Table 3. Criteria for rice drought levels
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Figure 7. The CDF of rice yield for each quadrant.

0 1080 2000 3000 4000 300 SOOD TO00 E000 However, significant declines are observed in March

and August, highlighting difficulties during the transi-
tions between wet and dry seasons. The high category
exhibits marginally higher accuracy (50-75%) com-
pared to the moderate category, albeit with greater
error margins. In the very high category, accuracy
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Figure 8. Accuracy of rice drought predictions for the 2014-2020 period in a) Indramayu and b) Bone.

ranges from 60% to 85%, peaking in June and July
during the dry season. These findings suggest that the
model is more effective in predicting severe droughts
during the dry season, while its performance diminish-
es during the wet and transitional seasons.

Figure 8 (b) displays the efficacy of rice drought
prediction in Bone. In the Low drought category, accu-
racies vary between 50% and 75%, with large error bars
indicating high variability. In the Moderate drought cat-
egory, accuracies range from 40% to 60%, with narrower

error margins, suggesting a higher level of confidence.
The model’s accuracy for the High drought category
ranges from 40% to 80%, with reduced performance
observed during the wet season (October to December).
This indicates challenges in accurately identifying severe
drought events during the transitional dry-wet season.
In the Very High category, accuracy improves across the
months, ranging from 60% to 85%, suggesting enhanced
performance. However, substantial uncertainty remains
in predicting extreme drought conditions in April and
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Figure 9. Map of the predicted and observed rice drought in a) Indramayu and b) Bone for June (DSP1) and October (DSP2) during 2014,

2015, and 2017, corresponding to Neutral, El Nifio, and La Nifia years.

Shaded areas denote rice field regions, while color variations indicate

the corresponding drought categories. The SPI row indicates predicted rice drought, while the NDVI row represents observed conditions.

September, highlighting challenges during transitions
between the dry and wet seasons.

Figure 9 depicts the spatially predicted and observed
rice drought for June (DSPI) and October (DSP2) in
2014, 2015, and 2017, corresponding to Neutral, El Nifio,
and La Nifia years. The impact of ENSO on rice drought
categories in the Indramayu and Bone regions shows a
comparable pattern. During El Nifio years, rice drought
levels are typically higher than in Neutral years, whereas
La Nifia years generally exhibit lower levels.

Predictions for October (DSP2) in the Neutral year
(2014) and the El Nifo year (2015) indicate very high rice
drought categories, with the highest PC at 64% for Indram-
ayu and 76% for Bone. In the La Nina year (2017), predic-
tions for June (DSP1) and October closely aligned with
the observed low drought category, with the PC for both
regencies ranging from 72% to 76%. Observations, however,
revealed areas with varying hazard levels from low to high.
Rice drought prediction for October shows higher accuracy
compared to June, indicating improved model performance
during the peak of the dry season. This discrepancy reflects
the complexities of local conditions influencing vegetation
resilience during drought periods.

DISCUSSION

Figure 5 highlights the link between SPI3 and rice
yield anomalies. In Indramayu, prolonged severe nega-

tive SPI3 values are associated with reduced rice yields, as
evidenced in 1982, 1991, and 1997. This aligns with the
findings of Prabnakorn et al. (2018), which indicate that
SPI values below -1 often lead to significant yield reduc-
tions. Furthermore, Rejekiningrum et al. (2022) empha-
sized that regions experiencing increased drought fre-
quency and duration are likely to experience substantial
agricultural losses, which underscores the sensitivity of
rice cultivation in Indramayu to persistent climate stress.
Conversely, in Bone, episodes of negative SPI3 tend to be
shorter and less severe, reflecting milder drought condi-
tions with relatively limited impacts on rice productivity.
This divergence underscores the role of regional climatic
variability in shaping drought risk and agricultural out-
comes. It also suggests that while Indramayu requires
more robust drought-mitigation strategies, Bone may
benefit from adaptive practices that focus on maintaining
resilience during shorter-term drought.

Figure 6 illustrates that rice yields exhibit a specific
response to SPI3, particularly in relation to the onset and
trends, and their progression throughout the growing
season. Negative SPI3 values in the early growing season
may hinder crop establishment, whereas moisture deficits
during the reproductive phase often lead to pronounced
yield reductions as a result of water stress during grain
development (Ray et al., 2015). In contrast, positive SPI3
values reflect favorable moisture availability, which pro-
motes crop growth and has the potential to enhance
yields (Gebrehiwot et al., 2011; Forootan et al., 2019). Our
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analysis strengthens earlier conclusions by indicating that
SPI3 is effective not only in identifying drought occur-
rence but also in forecasting rice yield anomalies.

The accuracy of rice drought prediction varies
across the four drought categories throughout the year,
with higher accuracy observed in the low and very high
drought categories. These observations align with the
findings of Mohseni et al. (2021), who reported that
satellite-based NDVT data, such as MOD13Ql, are effec-
tive in predicting both low and high drought events by
clearly distinguishing between normal vegetation and
stressed conditions. In contrast, the moderate drought
category often shows reduced accuracy. This limita-
tion arises because vegetation stress during moderate
drought is relatively subtle, and the associated spectral
changes may overlap with those observed under nor-
mal conditions. Consequently, NDVI alone may fail to
discriminate intermediate drought intensities with suffi-
cient precision (Zhang et al., 2016. Lee et al. (2021) fur-
ther noted that incorporating additional variables, such
as soil moisture or land surface temperature, enhances
the accuracy of moderate drought detection by utiliz-
ing diverse datasets. Moreover, research using higher-
resolution imagery, such as Landsat, has demonstrated
improved accuracy in identifying severe droughts (Yang
et al., 2023). Nevertheless, MOD13Ql remains one of the
most widely used products due to its temporal frequen-
cy and long historical record, even though its relatively
coarse spatial resolution introduces challenges in captur-
ing localized extreme drought events.

From an evaluation perspective, the PC method is
widely used in drought monitoring because it provides
an intuitive measure of correctly classified drought cate-
gories and offers a simple means of communicating fore-
cast performance to stakeholders in early warning sys-
tems. However, PC has notable limitations, since miss-
ing an actual drought (miss) often carries more severe
consequences than issuing a false alarm, leading to an
overly optimistic view of forecast reliability. For this rea-
son, PC is most effective when used in combination with
additional skill scores that capture event-specific perfor-
mance. Metrics such as the Heidke Skill Score, Cohen’s
Kappa, and the Brier Score offer more comprehensive
evaluations of categorical forecasts, allowing for a more
balanced assessment of model reliability (Mason, 2003;
Wilks, 2019).

The discrepancy between drought predictions and
NDVI observations in Indramayu during DSP2 (Octo-
ber) of the Neutral year 2014, as well as DSP1 (June) and
DSP2 (October) of the El Nifio year 2015 (Figure 9a),
can largely be explained by the dominance of irrigation
infrastructure in the western part of the regency. While

the model-based predictions classified these periods
into higher drought categories, NDVI values suggested
a relatively low drought category in certain areas. This
divergence highlights the buffering effect of irrigation
systems, which can sustain vegetation health even under
negative SPI3 conditions by providing a reliable water
supply. (Xiao et al., 2023). Consequently, NDVI may
underestimate drought severity in irrigated regions, as
vegetation remains green and photosynthetically active
despite underlying hydrological stress (Rembold et al.,
2019; Satapathy et al., 2024).

In Bone, the accuracy of drought prediction is
enhanced by its extensive rainfed rice fields, which ena-
ble SPI3 to effectively capture NDVI patterns. Unlike
irrigated systems, rainfed agriculture is directly influ-
enced by rainfall anomalies, linking meteorological
drought indices and vegetation dynamics more appar-
ent (Rojas et al., 2011; Chen et al., 2025). However, pre-
dictive accuracy decreases during transitional months,
such as the shift between the dry and wet seasons, when
rainfall patterns become highly variable and less predict-
able. This is often accompanied by a broad error mar-
gin, reflecting increased uncertainty in distinguishing
between short-term dry spells and the onset of sustained
drought conditions (AghaKouchak et al., 2015).

These findings underscore that in regions with
extensive irrigation networks, NDVI may fail to ful-
ly capture the agricultural impacts of meteorological
drought, leading to discrepancies between predicted
drought categories and observed vegetation responses.
This suggests that integrating additional variables, such
as irrigation coverage, groundwater use, could improve
the accuracy of drought assessments (He et al., 2022;
Purnamasari et al., 2025). For policymakers, this implies
that drought early warning systems should incorporate
both climatic indicators and agricultural water manage-
ment practices to provide more reliable information for
decision-making.

The prediction accuracies obtained for both regions
are nearly identical, indicating that data from Indram-
ayu and Bone can generate predictions with comparable
reliability. This finding supports the broader objective
of developing a generalized model for application across
Indonesia, where diverse rainfall regimes and agro-
ecological conditions prevail. Furthermore, to enhance
drought prediction accuracy, future research should pri-
oritize integrating higher-resolution data with machine
learning techniques, which could improve both the accu-
racy and reliability of predictions. Incorporating local
irrigation practices into prediction models is crucial,
as such practices can significantly mitigate the impacts
of drought and lead to discrepancies between observed
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NDVI and predicted rice drought. Finally, to improve
the transferability of the model developed in this study,
future work should emphasize validation across diverse
regions, time periods, and climate regimes, thereby ena-
bling a more comprehensive assessment of model accu-
racy and performance.

Several widely used data sources for operational
SPI forecasts include the NOAA Climate Prediction
Center, which issues global seasonal precipitation out-
looks (NOAA, 2024); the ECMWTF seasonal forecast-
ing system, which provides ensemble-based precipita-
tion predictions suitable for SPI calculation (ECMWEF,
2023); the SPEIbase and Global Drought Observatory
platforms, which disseminate SPI and related drought
indices across varying time scales (GDO, 2024); and
the BMKG’s national seasonal rainfall forecasts, which
are routinely available for Indonesia (BMKG, 2023).
Although our study was retrospective, these forecast
products offer a clear pathway for future operationaliza-
tion, enabling real-time or anticipatory rice drought pre-
diction and strengthening the applicability of our frame-
work for practitioners and policymakers.

CONCLUSION

This study proposes a rice drought prediction mod-
el that employs the onset and trend of SPI3 as key pre-
dictors. The model was developed using data from two
major rice-producing regions characterized by contrast-
ing rainfall patterns. The onset of SPI3 refers to its value
at the beginning of the planting season, while the SPI3
trend is defined as the gradient over four months from
planting initiation to harvest. Rice yield predictions were
generated one month prior to planting, providing an ear-
ly warning of potential yield losses due to drought. Yield
estimation within the model was conducted using a crop
simulation approach, and drought predictions were vali-
dated against NDVI observations.

Our study highlights that the association between
the onset and trend of SPI3 is strongly linked to rice
yield outcomes. Specifically, lower yields tend to occur
under negative SPI3 trends, reflecting drier-than-normal
conditions during the growing season, whereas higher
yields are generally associated with positive SPI3 trends,
indicative of wetter conditions. This relationship under-
scores the utility of SPI3 not only as a drought indicator
but also as a predictor of potential yield variability.

Overall, the results demonstrate that the predic-
tion model performs more reliably in capturing severe
drought conditions, particularly during the dry season,
whereas its performance declines during wet and transi-
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tional periods. In both Indramayu and Bone, accuracies
in the very high drought category are consistently high-
er, with accuracy ranges between 60-85%, indicating the
model’s strength in detecting extreme drought events.
However, reduced accuracy and larger uncertainties
during seasonal transitions highlight the challenges of
predicting drought under highly variable climatic condi-
tions. During El Nifio years, rice drought categories are
typically elevated compared to neutral years, with PCs
ranging from 59% to 77%, whereas in La Nifa years
they correspond more closely with the observed low
drought category, with PCs ranging from 72% to 76%.

The higher accuracy achieved for the very high rice
drought category in this study is crucial for advancing
rice drought prediction. Comparable prediction accura-
cies for Indramayu and Bone further support the fea-
sibility of developing a generalized model applicable
across Indonesia’s diverse agroecological conditions.
Nevertheless, accuracy decreases during transitional
periods, highlighting the challenges of maintaining pre-
dictive reliability amid rapidly changing rainfall pat-
terns. Incorporating local irrigation practices into the
model is essential, as such practices can markedly alter
drought impacts and explain discrepancies between
observed NDVI and predicted rice drought. In addi-
tion, expanding validation across multiple regions, time
periods, and climate regimes is essential to enhance the
model’s transferability and provide a thorough assess-
ment of its accuracy, reliability, and overall performance
under diverse agroclimatic conditions.
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Abstract. In order to use water resources efficiently and sustainably, it is very impor-
tant to determine the impact of climate change on water resources accurately. For this
purpose, reference evapotranspiration (ET,), crop evapotranspiration (ET,), irrigation
water requirement (IWR) was determined with CROPWAT 8.0 using climate data
obtained from HadGEM2-ES and MPI-ESM-MR model reference period (1971-2000)
and future short (2031-2040) and long (2051-2060) periods RCP4.5 and RCP8.5 sce-
nario outputs for sunflower in TR21 Thrace Region. Afterwards, the results obtained
for the reference period and future periods are compared and evaluated. As a result,
it is estimated that ET, values will increase by 6.3%-13.2% and 4.9%-26.9% in the
upcoming short (2031-2040) and long (2051-2060) periods, respectively, compared to
the reference period (1971-2000), and by 6.0%-13.0% and 3.4%-17.9% in the sunflower
development period. ET, is predicted to increase by 3.5%-12.0% in the short term and
2.4%-16.9% in the long term, compared to the reference period, and IWR values are
predicted to vary between 0.3%-19.9% in the short term and -7.0%-20.8% in the long
term. In the TR21 Thrace Region, it is estimated that the annual average ET,, ET, dur-
ing the sunflower development period, and sunflower water consumption will be nega-
tively affected by climate change in the future periods (2031-2040, 2051-2060) and will
increase compared to the reference period. It is anticipated that there will be increas-
es and decreases in irrigation water demand; however, the general trend is towards
an increase, and it has been determined that these increases will be greater than the
decreases. This study will guide producers, managers, and decision makers in carrying
out adaptation activities against the impact of climate change on water resources.

Keywords: CROPWAT 8.0, Crop water requirement, Reference evapotranspiration,
Irrigation water requirement, Helianthus annuus L., Penman-Monteith.

1. INTRODUCTION

The impact of climate change on water resources is primarily due to
changes in climate parameters, specifically changes in precipitation regimes
and temperatures. Changes in temperatures affect crop evapotranspiration
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(ET,) rate, cloud characteristics, soil moisture, storm
intensity, and snowfall and melting regimes. These
changes occurring due to climate change can have very
important consequences for the water cycle and water
resources (RTMAFGDWM, 2020).

According to projections from various climate mod-
els based on different greenhouse gas emission scenarios,
significant decreases in precipitation, water resources,
and flows are expected over the next century, particular-
ly for North Africa, the Mediterranean Basin, Tiirkiye,
and the Middle East. There may be significant increases
in surface air temperatures and evapotranspiration as
well as extreme weather and climate events (Tirkes et
al., 2013). Climate change reduces the availability and
accessibility of water resources, increasing vulnerability
and causing negative impacts on water-dependent sec-
tors. Since Tiirkiye is in a semi-arid climate zone, it is of
great importance to improve water quality, increase the
amount of usable water, and ensure the sustainability of
conservation and utilization balance (RTMEUCC, 2024).

Evaporation is an important component of the
hydrological cycle, and knowing the water losses caused
by evaporation within the scope of the hydrological cycle
is an important issue in terms of water management and
planning (Azlak, 2015). Evapotranspiration (ET) or ET,,
one of the most important parameters of the hydrologi-
cal cycle, is used extensively in the project design of irri-
gation systems, preparation of irrigation programs, and
hydrological studies. Therefore, accurate estimation of
ET, is important for water balance, environmental pro-
tection, design of irrigation systems, and water resources
management. Insufficient and excessive irrigation in crop
production negatively affects the soil, product, agricultur-
al production input, and yield. In order to obtain quality
and high-yield products, the most appropriate irrigation
program must be created by taking into account plant
water consumption (Bircan and Kizil, 2021). Especially
in Tirkiye, which has an economy based on agriculture
and where 70-75% of the water demand is generated by
the agricultural sector, the management and planning of
water is very important (Azlak, 2015).

Sunflower is one of the important agricultural prod-
ucts grown in Tirkiye. Sunflower oil is the most com-
mon oilseed plant in Tiirkiye, as its share holds around
80-85% in vegetable oil consumption and 40% of its oil
content. It should be increased to reduce the vegetable
oil deficit. In Tiirkiye, sunflower oil is mainly produced
in the Thrace Region and Konya. According to TURK-
STAT (Turkish Statistical Institute) data, Tekirdag
(20.5%), Edirne (13.2%), Kirklareli (11.2%), Konya
(10.5%), and Adana (8%) account for 63.5% of the oil
sunflower cultivation area as of the 2021/2022 season.
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In terms of production, Tekirdag ranks first with 18%,
Konya 14.7%, Edirne 12.9%, Kirklareli 10.2%, and
Adana 9.1% (Bozer, 2023). Therefore, the TR21 Thrace
Region is a very potential region in terms of sunflower
cultivation.

Some studies are using various models and Repre-
sentative Concentration Pathways (RCP) scenarios for
climate change predictions in Tirkiye. These studies
were conducted using HadGEM2-ES and MPI-ESM-
MR models and RCP4.5 and RCP8.5 scenarios. These
models were run using the RegCM4.3 Regional Climate
Model, and outputs were produced with the RCP4.5 and
RCP8.5 scenarios at ten-kilometer resolution (Ak¢akaya
et al.,, 2013; Akgakaya et al., 2015; GDWM, 2016). Many
studies have been conducted using these outputs. One
of these is the “Impacts of Climate Change and Adapta-
tion Strategies in TR21 Thrace Region” project carried
out in the TR21 Thrace Region (Anonymous, 2019).
With these outputs, climate predictions specific to the
TR21 Thrace Region were made in ten-year periods, and
evaluations were made for the region. At the same time,
Deveci (2025) determined a great agreement between
the monthly average temperature values obtained from
the HadGEM2-ES, MPI-ESM-MR models, RCP4.5 and
RCP8.5 scenario results, and the observed meteorologi-
cal data, especially for the temperature data in the TR21
Thrace Region in the period 1915-2024. Therefore, these
models and scenarios were preferred because they dem-
onstrated consistency in the region and could be evalu-
ated together with the studies conducted.

Several studies have been conducted around the
world to determine the impact of climate change on
reference evapotranspiration (ET,) (Chaouche et al.,
2010; Irmak et al., 2012; Fan et al., 2016; Dinpashoh
et al,, 2019; Ma et al,, 2019; Sun et al.,, 2020; Li et al,,
2022; Reta et al., 2024; Youssef et al., 2024). In Tir-
kiye, reassessment of existing irrigation projects with
FAO (Food and Agriculture Organization of the Unit-
ed Nations ) criteria (Ko¢ and Gliner, 2005), the effect
of climate change on seasonal plant water consump-
tion (Bayramoglu E., 2013), the effect of climate change
on evaporation (Azlak, 2015), establishing an irriga-
tion water program for eggplant (Kartal et al., 2019),
determining the spatial variation of ET, (Yildirim et
al., 2019), development of an android-based application
to be used in ET, calculation (Bircan and Kizil, 2021),
assessment of crop water requirements by using CROP-
WAT for sustainable water resources management in
agriculture (Aydin-Kandemir and Yildiz, 2022), deter-
mining the impact of climate change on maize irriga-
tion water requirements (Sen, 2023; Yetik and Sen, 2023)
have been studied. In addition, studies have been car-



Estimation of irrigation water requirements of sunflower under the context of climate change in TR21 Thrace Region 41

ried out on determining the impact of climate change
on ET, in the Thrace Region (Deveci, 2015; Yildirim,
2023; Yildirim and Erdem, 2023; Deveci and Konukcu,
2024). These studies although the modeled region is the
same, the reference period climate data, climate models’
prediction scenarios, and predicted futures are differ-
ent, and thus, different calculation methods were used.
In addition to the previous studies conducted in the
Thrace Region, these studies have diversified by predict-
ing ET, in the future years with different climate models.
In addition, the most important point that distinguishes
this study from other studies is that, for the first time,
the irrigation requirements of sunflower have been esti-
mated for the future periods.

This study aims to estimate the change of ET,,
ET,, and IWR in the future short (2031-2040) and long
(2051-2060) periods compared to the reference period
(1971-2000) by using HadGEM2-ES and MPI-ESM-MR
model RCP4.5 and RCP8.5 scenario outputs for sun-
flower with CROPWAT 8.0 in TR21 Thrace Region.
With the results obtained, the effect of climate change
on irrigation water requirements in sunflower cultiva-
tion can be evaluated. Therefore, this study will guide
producers, managers, and decision makers to carry
out adaptation activities against the effects of climate
change on water resources.

A% N
- & L

2. MATERIAL AND METHODS
2.1. Material
2.1.1. Study area

The research area is located in Tiirkiye. TR21 Thra-
ce Region covers the provinces of Tekirdag (TR211),
Edirne (TR212), and Kirklareli (TR213). The sur-
face area of the region (excluding lakes) is 18.665 km?.
Agricultural activities are intensively carried out in the
region, and the proportion of land suitable for agricul-
ture is quite high (TDA, 2010). The study area is shown
in Figure 1.

2.1.2. Climate of the research area

A continental climate prevails in the inner part of
the TR21 Thrace Region. The Marmara Sea coastline
is under the influence of the Black Sea-Mediterranean
climate. Winters are cool and rainy; summers are dry
and hot. Long-term climate data of the research area are
shown in Table 1. Accordingly, the province with the
highest (19.8°C) and lowest (8.5°C) average temperature
is Edirne. The highest total annual rainfall (601 mm) is
also seen in Edirne.

Figure 1. Geographical location of the study area (TR21 Thrace Region).
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Table 1. Long-term monthly averages climate data (Edirne (1930-2023), Kirklareli (1959-2023), Tekirdag (1940-2023)) (TSMS, 2024a;

TSMS, 2024b; TSMS, 2024c).

. 2 ;? = . % E’ o) _QE E kS
Climate Location 5 2 % g- § % % & g § g g h
Parameters i —E S < = = = B 8 z 3 go
\ Z A <
Avg. Mean  Edirne 2.7 44 76 128 180 222 247 245 201 145 9.2 46 138
Temperature Kirklareli 2.9 4.1 6.9 12.0 17.1 214 23.8 23.6 19.4 14.1 9.3 5.1 133
(°C) Tekirdag 4.9 5.5 7.3 11.7 16.7 21.1 23.7 239 20.3 15.7 11.3 7.3 14.1
Avg. Max.  Edirne 6.7 94 134 193 248 292 320 320 274 208 142 86 198
Temperature Kirklareli 6.9 8.6 12.2 17.9 235 28.0 30.7 30.7 26.2 20.0 13.9 8.8 19.0
(°C) Tekirdag 8.1 9.0 11.0 15.7 20.6 25.3 28.1 28.3 24.5 19.5 14.8 10.5 18.0
Avg.Min.  Edirne 0.5 0.5 2.9 71 117 155 174 173 135 93 53 1.4 8.5
Temperature Kirklareli 0.1 1.0 3.0 7.1 11.6 15.6 17.8 17.8 14.1 9.8 5.9 2.3 8.8
(°C) Tekirdag 2.0 2.5 4.1 81 127 167 191 194 162 121 8.2 44 105
Avg. Daily ~ Edirne 24 36 45 6.2 8.0 92 103 9.8 75 52 32 22 6.0
Sunshine Kirklareli 2.0 2.5 3.6 4.7 6.3 6.8 7.5 7.5 5.5 3.8 2.7 1.8 4.6
(hour) Tekirdag 2.8 3.4 4.2 6.0 7.4 8.5 9.4 8.4 6.8 4.9 3.2 2.5 5.6
. Edirne 65.0 52.2 50.1 48.7 524 47.1 317 233 359 56.7 67.3 70.6  601.0
Precipitation .

(mm) Kirklareli 65.0 51.3 48.7 45.4 49.3 52.6 27.8 21.5 32.8 51.5 66.7 71.1  583.7
Tekirdag 68.0 54.5 53.4 42.1 37.2 38.3 23.8 15.5 32.7 60.2 74.3 80.0  580.0

TSMS: Turkish State Meteorological Service.

2.1.3. Climate data

The climate data used in the study include the cli-
mate data produced within the scope of the “Impact
of Climate Change on Water Resources Project” car-
ried out by the General Directorate of Water Manage-
ment of the Ministry of Forestry and Water Affairs of
the Republic of Tiirkiye and obtained to be used in the
“Climate Change Impacts and Adaptation Strategies in
the TR21 Thrace Region” project (GDWM, 2016; Anony-
mous, 2019). Within the scope of the “Impact of Climate
Change on Water Resources Project”, the RegCM4.3
regional climate model was run simultaneously for Tiir-
kiye using the outputs of three global models (HadG-
EM2-ES, MPI-ESM-MR, CNRM-CM5.1) selected from
the CMIP5 (Coupled Model Intercomparison Project
Phase 5) archive. Since the resolutions of the climate and
earth system models reach hundreds of kilometers and
there are uncertainties in these model outputs, dynamic
downscaling was performed with the RegCM4.3 Region-
al Climate Model within the scope of the project. The
data used in this study are the outputs of the HadG-
EM2-ES and MPI-ESM-MR models and the RCP4.5 and
RCP8.5 scenarios. The period covers the reference peri-
od (1971-2000), short (2031-2040), and long (2051-2060)
period data.

2.1.4. Plant data

The crop parameters of sunflower were defined in
detail for each growth stage to ensure accurate estima-
tion of irrigation water requirements within the CROP-
WAT 8.0 model. These include growth period durations,
crop coeflicients (K.), rooting depth, critical depletion
fraction, and yield response factor (k). The values were
obtained from national agricultural guidelines and FAO
sources and applied at the provincial level, allowing for
the modeling of regional variability. The crop character-
istics of sunflower are presented in Table 2.

2.1.5. Soil data

In the study, a single soil type defined as “medium
texture” in the CROPWAT 8.0 database was used to rep-
resent average field conditions across the TR21 Region.
The selected soil profile reflects loamy soil properties,
with moderate water holding capacity and infiltration
characteristics, as shown in Table 3.

2.1.6. CROPWAT 8.0 model
CROPWAT 8.0 is developed by the Land and Water

Development Division of FAO. It can be downloaded
and used free of charge (FAO, 2024b). CROPWAT helps
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Table 2. The crop characteristics of sunflower for Edirne, Kirklareli, and Tekirdag.

Crop Parameters Edirne Kirklareli Tekirdag Reference
Initial 25 25 25 (RTMAFGDARP, 2017)
Crop Deve]opment Development 30 30 30 (RTMAFGDARP, 2017)
Period (days) Mid-Season 60 60 60 (RTMAFGDARP, 2017)
Late-Season 30 30 30 (RTMAFGDARP, 2017)
. Initial 0.38 0.36 0.40 (RTMAFGDARP, 2017)
(C;)p Coefficient ) 14 Season 114 112 L11 (RTMAFGDARP, 2017)
¢ Late-Season 034 032 131 (RTMAFGDARP, 2017)
Rooting Depth Initial 0.30 0.30 0.30 (FAO, 2024a)
(m) Late-Season 0.90 0.90 0.90 (Erdem, 2001)
Sowing Date 15 April 15 April 15 April (RTMAFGDARP, 2017)
Vegetation Duration (days) 145 145 145 (RTMAFGDARP, 2017)
Critical Depletion (Fraction) 0.5 0.5 0.5 (Steduto et al., 2012)
Yield Response Factor (k,) 1.0 1.0 1.0 (Steduto et al., 2012)

RTMAFGDARP: Republic of Tiirkiye Ministry of Environment, Urbanization and Climate Change.

Table 3. Soil properties.

Soil Parameters Values
Total available soil moisture (mm/m) 140.0
Maximum rain infiltration rate (mm/day) 40.0
Maximum rooting depth (cm) 900
Initial soil moisture depletion (%) 0

to calculate ET,, ET., IWR, and scheme water demand. It

develops irrigation schedules under various management

conditions. Furthermore, it estimates rainfed production
and drought effects. The program calculates ET using

the FAO Penman-Monteith method (Allen et al., 1998).
CROPWAT 8.0 program works using the following

climate, plant, and soil parameters:

- Climate parameters (minimum temperature (°C),
maximum temperature (°C), humidity (%), rainfall
(mm), wind speed (m/sec), sunshine hours (hours),

- Crop parameters (planting date (days), crop develop-
ment period (days), crop coeflicient (K.), rooting depth
(m), critical depletion, yield response factor (k,),

- Soil parameters (total available soil moisture
(mm/m), maximum rain infiltration rate (mm/day),
maximum rooting depth (cm), initial soil moisture
depletion (%).

2.2. Method
In this study, monthly climate data for the reference

period (1971-2000) and two future projection periods
(2031-2040 and 2051-2060) were separately entered into

the CROPWAT 8.0 software. The data were derived from
the HadGEM2-ES and MPI-ESM-MR models under
RCP4.5 and RCP8.5 scenarios. This approach allowed
the evaluation of potential changes in sunflower irriga-
tion water requirements under varying climate scenarios
and time frames.

In CROPWAT 8.0, ET, was calculated using the
FAO Penman-Monteith method. Based on ET, and K.
values defined for each growth stage of sunflower, ET,
was estimated. Effective rainfall (P.;) was calculated
using the USDA (United States Department of Agricul-
ture) method, and IWR was determined by subtracting
P from ET, (Deveci et al., 2025).

2. RESULTS

In this study, annual average ET,, ET, during the
sunflower growing period, ET,, and IWR were evalu-
ated. For these calculations, climate data obtained from
the HadGEM2-ES and MPI-ESM-MR models, reference
period (1971-2000) and future short (2031-2040) and
long (2051-2060) periods under the RCP4.5 and RCP8.5
scenarios were used.

2.1. Evaluation of annual average ET,

ET, is predicted to increase in three locations in
both models and both scenarios compared to the ref-
erence period (Edirne (4.9%-26.9%), Kirklareli (5.3%-
18.3%), and Tekirdag (5.7%-17.5%)) (Table 4, Figure 2).
The highest ET, was predicted in Edirne in the period



44

Table 4. HadGEM2-ES and MPI-ESM-MR model annual average
ET, values change for the reference period (1971-2000) and future
periods (2031-2040, 2051-2060) in sunflower.

Deviation from the reference period
(1971-2000) (%)

Location Future
OCAHON  periods  HadGEM2-ES Model MPI-ESM-MR Model
RCP4.5 RCP8.5 RCP4.5 RCP8.5
. 2031-2040 8.3 10.9 6.7 7.9
Edirne
2051-2060 18.0 26.9 4.9 9.0
. 2031-2040 10.2 13.2 7.7 9.5
Karklareli
2051-2060 14.0 18.3 5.3 9.0
.. . 2031-2040 9.9 11.7 6.3 9.1
Tekirdag
2051-2060 12.9 17.5 5.7 8.9

2051-2060 (3.54 mm/day) because of the HadGEM2-ES
model under the RCP8.5 scenario, and the lowest ET,
was predicted in Tekirdag in the period 2051-2060 (2.70
mm/day) because of the MPI-ESM-MR model RCP8.5
scenario (Figure 2). The largest change compared to the
reference period was predicted in Edirne in the period
2051-2060 (26.9%) because of the HadGEM2-ES model
RCP8.5 scenario, and the smallest change was predicted
in Edirne in the period 2051-2060 (4.9%) because of the
MPI-ESM-MR model RCP8.5 scenario (Table 4).

In this part of the study, the accuracy of HadGEM2-
ES and MPI-ESM-MR model monthly ET, values cov-
ering 30 years for the reference period 1971-2000 was
evaluated. For this purpose, the ET values obtained from
the reference period climate data were compared with the
ET, values calculated and published monthly for each
province in Tiirkiye covering a long period of 30 years
in the “Guide to Plant Water Consumption of Irrigated
Crops in Tirkiye” published by the General Directorate
of Agricultural Research and Policies and State Hydrau-
lic Works (RTMAFGDARP, 2017). In this guide, ET,
values were prepared by using quality-controlled 30-year
daily climate data from 259 meteorological stations of
the General Directorate of Meteorology throughout
Tirkiye. Parameters such as minimum, maximum, and
average temperature, relative humidity, insolation time,
insolation intensity, precipitation, and wind speed were
taken into account in the preparation of the guide, miss-
ing data were completed by Allen et al. (1998) and solar
radiation data were organized according to ASCE-EWRI
(2004) principles. In this framework, monthly average
ET, values covering 30 years for Edirne, Tekirdag, and
Kirklareli provinces were obtained from the guide and
compared with the values calculated with 30-year refer-
ence data of HadGEM2-ES and MPI-ESM-MR models,
and a high level of agreement was found (Figure 3). For
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Figure 2. Daily average ET, values (mm/day) for the reference
(1971-2000) and future periods (2031-2040, 2051-2060) according
to HadGEM2-ES and MPI-ESM-MR climate models.

the correlation coefficients, it was calculated as 0.995 for
Edirne, 0.987 for Kirklareli, and 0.987 for Tekirdag in the
HadGEM2-ES model. In the MPI-ESM-MR model, it was
calculated as 0.995 for Edirne, 0.994 for Kirklareli, and
0.984 for Tekirdag. In addition, the difference between
the annual total ET, values was 13.2% (Edirne), 6.6%
(Kirklareli), and 4.1% (Tekirdag) in the HadGEM2-ES
model, while it was 13.0% (Edirne), 6.6% (Kirklareli),
and 3.8% (Tekirdag) in the MPI-ESM-MR model. These
findings show that both model reference data used in the
study overlap to a large extent with the 30-year ET val-
ues calculated with measured climate data for the region
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and that the data obtained from the models can be used
reliably.

2.2. Evaluation of ET, during the sunflower vegetation
period

In general, ET, (during the sunflower vegeta-
tion period) in the TR21 Thrace Region is projected to
increase in both models, scenarios, and periods com-
pared to the reference period (Table 5, Figure 4). This
increase was predicted to be between 3.4%-16.7% in
Edirne, 3.9%-17.9% in Kirklareli and 4.7%-17.6% in
Tekirdag (Table 5). During the sunflower growing
period, the highest ET, was predicted in Edirne in the
period 2051-2060 (5.06 mm/day) because of the HadG-
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Figure 3. Comparison of monthly ET, values obtained from
30-year observed data with HadGEM2-ES and MPI-ESM-MR

model reference data.

EM2-ES model RCP8.5 scenario, and the lowest ET, was
predicted in Tekirdag in the period 2051-2060 (3.97 mm/
day) because of MPI-ESM-MR model RCP8.5 scenario
(Figure 2). In addition, the largest change compared to
the reference period was predicted in Kirklareli in the
period 2051-2060 (17.9%) because of HadGEM2-ES
model RCP8.5 scenario and the smallest change was pre-
dicted in Edirne in the period 2051-2060 (3.4%) because
of MPI-ESM-MR model RCP8.5 scenario (Table 5).

2.3. Evaluation of ET, of (Sunflower)

ET. in the TR21 Thrace Region is predicted to
increase in both models, both scenarios, and both peri-
ods compared to the reference period (Table 6, Figure
5). This increase is projected to be between 2.4%-15.8%
in Edirne, 3.1%-16.9% in Kirklareli, and 3.5%-15.6%
in Tekirdag (Table 6). The highest ET. was predicted
in Edirne for the period 2051-2060 (698.4 mm/season)
because of the HadGEM2-ES model RCP8.5 scenario,
while the lowest ET. was predicted in Tekirdag for the
period 2051-2060 (533.8 mm/season) because of the
MPI-ESM-MR model RCP8.5 scenario (Figure 5). The
largest change compared to the reference period was
predicted in Kirklareli in the period 2051-2060 (16.9%)
because of the HadGEM2-ES model RCP8.5 scenario,
and the smallest change was predicted in Edirne in the
period 2051-2060 (2.4%) because of the MPI-ESM-MR
model RCP8.5 scenario (Table 6).

2.4. Evaluation of IWR

IWR is predicted to increase in the period 2051-
2060 in Edirne, Kirklareli, and Tekirdag in the RCP4.5

Table 5. HadGEM2-ES and MPI-ESM-MR model ET, values
change for the reference period (1971-2000) and future periods
(2031-2040, 2051-2060) in the sunflower vegetation period.

Deviation from the reference period
(1971-2000) (%)

Location Future
Periods HadGEM2-ES Model MPI-ESM-MR Model
RCP4.5 RCP8.5 RCP4.5 RCP8.5
. 2031-2040 7.5 10.5 6.1 7.8
Edirne
2051-2060 11.3 16.7 3.4 7.7
. 2031-2040 9.5 13.0 7.1 9.1
Karklareli
2051-2060 14.1 17.9 3.9 8.1
2031-2040 9.8 11.6 6.0 9.2
Tekirdag
2051-2060 13.2 17.6 4.7 8.1
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Figure 4. HadGEM2-ES and MPI-ESM-MR model ET values for
the reference period (1971-2000) and future periods (2031-2040,
2051-2060) for sunflower in the vegetation period.

scenario in the MPI-ESM-MR model. In addition, in
Tekirdag, the same model predicted a decrease in the
RCP8.5 scenario for the same period and an increase
in all other forecasts (Table 7). This change is project-
ed to be between -5.3%-17.5% in Edirne, -7.0%-20.8%
in Kirklareli, and -3.3%-17.9% in Tekirdag (Table 7).
The highest IWR occurred in Edirne in the period
2051-2060 (587.1 mm/season) because of the HadG-
EM2-ES model RCP8.5 scenario, and the lowest IWR
occurred in Tekirdag in the period 2051-2060 (389.1
mm/season) because of the MPI-ESM-MR model
RCP4.5 scenario (Figure 6). In addition, the largest
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Table 6. HadGEM2-ES and MPI-ESM-MR model ET. values
change for the reference period (1971-2000) and future periods
(2031-2040, 2051-2060) in the sunflower vegetation period.

Deviation from the reference period
(1971-2000) (%)

Location Future
OCAUON " periods HadGEM2-ES Model MPI-ESM-MR Model
RCP45 RCP85 RCP45 RCP8S5
, 2031-2040 7.3 9.7 3.8 8.1
Edirne
20512060 114 15.8 24 6.0
20312040 9.6 12,0 52 10.4
Kirklareli
20512060 138 16.9 3.1 6.3
2031-2040 8.4 9.9 35 9.4
Tekirdag
20512060 125 15.6 3.6 6.5

change compared to the reference period was projected
in Kirklareli in the period 2051-2060 (20.8%) because
of HadGEM2-ES model RCP8.5 scenario and the
smallest change was projected in Kirklareli in the peri-
od 2051-2060 (-7.0%) because of MPI-ESM-MR model
RCP8.5 scenario (Table 7).

3.5. General evaluation

The general evaluation of the results is presented
in Table 8. Accordingly, it is predicted that the annual
average ET, will vary between 2.70-3.54 mm/day in the
TR21 Thrace Region, and ET, will vary between 3.97-
5.06 mm/day during the sunflower growing period. The
change in annual average ET, compared to the refer-
ence period was estimated to be 4.9%-26.9%, and the
change in ET, compared to the reference period during
the sunflower growing period was estimated to be 3.4%-
17.9%. ET, for sunflower was predicted to vary between
533.8-698.4 mm/season in the modeled periods, and this
change was predicted to be 2.4%-16.9% compared to
the reference period. IWR is predicted to vary between
389.1-587.1 mm/season, and this change is predicted
to be -7.0%-20.8% in both models, both scenarios, and
both periods compared to the reference period.

In TR21 Thrace Region, annual average ET, ET,
during the sunflower growing period, and sunflower
evapotranspiration (ET.) are estimated to be nega-
tively affected by climate change and to increase com-
pared to the reference period. It is estimated that ET,
values will increase by 6.3%-13.2% and 4.9%-26.9% in
the upcoming short (2031-2040) and long (2051-2060)
periods, respectively, compared to the reference period
(1971-2000), and by 6.0%-13.0% and 3.4%-17.9% in the
sunflower development period, respectively. ET, is pre-
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Figure 5. HadGEM2-ES and MPI-ESM-MR model ET, values for
the reference period (1971-2000) and future periods (2031-2040,
2051-2060) for sunflower.

dicted to increase by 3.5%-12.0% in the short term and
2.4%-16.9% in the long term, compared to the reference
period. It is anticipated that there will be increases and
decreases in irrigation water demand. Because it has
been determined that IWR values will vary between
0.3%-19.9% in the short term and -7.0%-20.8% in the
long term. However, the general trend is towards an
increase, and it has been determined that these increases
will be greater than the decreases.

Table 7. HadGEM2-ES and MPI-ESM-MR model ITWR values
change for the reference period.

Deviation from the reference period
(1971-2000) (%)

Location Future
Periods HadGEM2-ES Model MPI-ESM-MR Model
RCP45 RCP85 RCP4.5 RCP8.5
. 2031-2040 10.8 10.4 4.0 15.8
Edirne
2051-2060 17.1 17.5 -5.3 1.5
. 2031-2040 14.1 13.6 6.3 19.9
Karklareli
2051-2060 20.8 19.2 -7.0 1.5
., . 2031-2040 11.3 12.3 0.3 12.3
Tekirdag
2051-2060 17.9 17.0 -3.3 -0.1

3. DISCUSSION

In the “Impacts of Climate Change and Adaptation
Strategies in TR21 Thrace Region” project carried out in
the region, climate assessments were made in ten-year
periods (Anonymous, 2019). Accordingly, it is predicted
that there will be temperature increases in both mod-
els and scenarios in Edirne, Kirklareli, and Tekirdag in
the short (2031-2040) and long (2051-2060) periods, and
periodic increases and decreases in precipitation. Possi-
ble temperature increases are projected to vary between
1.08°C and 2.90°C, while the change in precipitation is
projected to be between -13.70 and 11.46 mm (Hanedar
et al,, 2019). In this study, it is predicted that the annual
average ET, will vary between 2.70 and 3.54 mm/day in
the TR21 Thrace Region, and ET, will vary between 3.97
and 5.06 mm/day during the sunflower growing period.
The change in annual average ET, compared to the ref-
erence period is estimated to be 4.9%-26.9%, and the
change in ET; compared to the reference period during
the sunflower growing period is estimated to be 3.4%-
17.9%. In another study conducted in the region, Deveci
and Konukcu (2024) evaluated the reference (1961-1990)
and future A2 SRES scenario outputs of the ECHAMS5
General Circulation Model in Pinarbasi Basin in the
Thrace Region and predicted an average temperature
increase of 0.12°C between 2016-2025, 1.43°C between
2046-2055 and 3.05°C between 2076-2085 compared
to the model reference years (1970-1990). It is also pre-
dicted that total precipitation will increase by 60 mm
between 2016-2025 (9%), total precipitation will decrease
by 91 mm between 2046-2055 (14%), and total precipita-
tion will decrease by 78 mm between 2076-2085 (12%).
In 2012, an experiment was conducted and it was esti-
mated that while the average ET, values were 3.0 mm/
day in 2012, they would increase to 3.2 mm/day (+7%)
between 2016-2025, 3.6 mm/day (+20%) between 2046-
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Figure 6. HadGEM2-ES and MPI-ESM-MR model IWR values for
the reference period (1971-2000) and future periods (2031-2040,
2051-2060) for sunflower.

2055 and 4.0 mm/day (+33%) between 2076-2085. In
addition, when compared with the reference period
(1970-1990), ET, values change by 9% and 21% in the
medium 2046-2055 and long 2076-2085 terms, respec-
tively. Even though the reference periods, future periods,
forecast models, and scenarios used in these studies are
different, the results of this research support each other.
In addition, De Oliveira et al. (2021) stated that the ET,
value, which is an important component in calculat-
ing the water requirement of plants, can be affected by
climate change. Arabi and Candogan (2022) estimated
ET, values for 18 meteorological stations in the Mar-
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mara Region using monthly climate data between 1990
and 2020 and found statistically significant increasing
trends in ET, values in Edirne, Kirklareli, and Tekirdag,.
These results and the results found in this study are in
the same direction. When other studies conducted in
Tiirkiye are evaluated, it is estimated that ET, increas-
es with temperature increases in the Cukurova Region
(Sen, 2023; Yetik and Sen, 2023). In the study conducted
by Anli (2014) for the Southeastern Anatolia region, the
change in ET, values over time was investigated, and
it was determined that there were significant increas-
ing trends in ET, values. Selguk (2021) calculated the
monthly ET, values for the years 1959-2019 using the
FAO Penman-Monteith method, using the climate data
of 17 meteorological stations within the borders of
Malatya province, and revealed that increasing tempera-
ture values increased Malatya ET, values by 3%. In the
worldwide studies, Irmak et al. (2012) found that at ref-
erence (potential) evapotranspiration (ET,), precipita-
tion, and relative humidity were significantly (P<0.05)
inversely correlated, while mean temperature, maximum
temperature, vapor pressure deficit, solar radiation and
net radiation values had significant and positive corre-
lations. Goyal (2004), in his study on long-term climate
data for 32 years (1971-2002) in Rajasthan (India), deter-
mined that there would be a 14.8% increase in total ET
with a 20% increase in temperature (maximum 8°C). As
a result, all these studies are in line with the conclusion
that the annual average ET, and ET, values during the
sunflower growing period will increase with the predict-
ed climate change in the region.

Sen et al. (2008) predicted a decrease in effective
precipitation and thus in water resources in the Sey-
han Basin, but an increase in plant water requirements.
Although climatic factors are not the sole determinant
of sunflower yield, they have significant effects on yield,
and according to the results of the analysis, it was deter-
mined that temperature and humidity parameters have
a significant effect on sunflower yield (Giirkan et al,,
2016). In this study, sunflower ET, was predicted to vary
between 533.8-698.4 mm/season during the modeled
periods, and this change could be 2.4%-16.9% compared
to the reference period. Together with the predicted tem-
perature increases in the region (1.08°C-2.90°C), this
situation was considered as probable. Similarly, Deveci
et al. (2025) determined that ET. would increase with
temperature increases in wheat and canola in the same
region, even though the plants were different.

In this study, IWR was predicted to change between
389.1-587.1 mm/season, and this change was predicted
to be -7.0%-20.8% in both models, both scenarios, and
both periods compared to the reference period. It is pre-
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Table 8. General evaluation of ET,, ET, (sunflower vegetation period), ET, (sunflower), and IWR.

Values

Deviation from the reference period
(1971-2000) (%)

Max.

Min.

Max.

Min.

Edirne

Tekirdag

Edirne

Edirne

ET, HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5 HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5
(annual average) 2051-2060 2051-2060 2051-2060 2051-2060

3.54 mm/day 2.70 mm/day %26.9 %4.9

Edirne Tekirdag Kirklareli Edirne
ET, (sunflower vegetation HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5 HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5
period) 2051-2060 2051-2060 2051-2060 2051-2060

5.06 mm/day 3.97 mm/day %17.9 %3.4

Edirne Tekirdag Kirklareli Edirne
ET. (sunflower) HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5 HadGEM2-ES RCP8.5 MPI-ESM-MR RCP8.5

¢ 2051-2060 2051-2060 2051-2060 2051-2060
698.4 mm/season 533.8 mm/season %16.9 %2.4
Edirne Tekirdag Kirklareli Kirklareli

IWR

HadGEM2-ES RCP8.5
2051-2060
587.1 mm/season

MPI-ESM-MR RCP4.5
2051-2060
389.1 mm/season

HadGEM2-ES RCP8.5
2051-2060
%20.8

MPI-ESM-MR RCP8.5
2051-2060
-%7.0

dicted that there will be increases and decreases in irri-
gation water demand; the general trend is in the direc-
tion of increase, and proportionally, these increases will
be more than the amount of decrease. In the MPI-ESM-
MR model, it is estimated that there will be a decrease
in Edirne (-5.3%), Kirklareli (-7%) and Tekirdag (-3.3%)
in the period 2051-2060 in the RCP4.5 scenario and also
in Tekirdag in the same model, same period RCP8.5
scenario (-0.1%), and an increase in all other forecasts
(Table 7). Looking at the 3 situations that draw attention
as a decrease, it is estimated that the temperature will
increase by 1.36°C in Edirne, 1.34°C in Tekirdag and
1.34°C in Kirklareli, and precipitation will increase by
5.71 mm in Edirne, 9.75 mm in Tekirdag and 11.46 mm
in Kirklareli (Hanedar et al., 2019). Therefore, it is seen
that there is a close change in temperatures. Increases in
precipitation were observed during this period. Precipi-
tation is more decisive. Therefore, the decrease in IWR
with increases in precipitation was considered normal.
In fact, it is interpreted that these precipitations probably
occurred during the development period of the plant,
and the need for irrigation water is likely to decrease.
The calculated IWR values represent the net water
requirement of the crop, independent of the irrigation
method and application efficiency. However, the efficien-
cy of irrigation systems used in practice can significantly
affect the actual amount of water applied in the field. For
instance, while the application efficiency of traditional
surface irrigation methods is typically around 30-40%,
it may reach 55-70% in furrow irrigation and 90-95% in
drip irrigation systems (Qureshi et al., 2015; Yara, 2024).

Therefore, even if similar IWR values are estimated for
different regions, the total volume of water that needs to
be applied in the field can vary depending on the irriga-
tion method used. Similar findings in the literature have
emphasized that irrigation methods play a critical role in
meeting increased or altered water demands under the
influence of climate change (Lakhiar et al., 2024).
Overall, the findings of this study are largely consist-
ent with both regional and national literature, indicat-
ing that climate change directly affects irrigation water
requirements, and the magnitude of this effect varies
depending on local climatic conditions, precipitation
patterns, and the irrigation techniques employed.

4. CONCLUSIONS

In this study, the effect of climate change on the
irrigation water requirement of sunflower in the TR21
Thrace Region was modeled. As a result, in this study,
annual average ET,, ET, during the sunflower growth
period, and sunflower evapotranspiration in the TR21
Thrace Region were predicted to be negatively affected
by climate change and to increase compared to the refer-
ence period. Decreases in IWR are predicted only in the
MPI-ESM-MR Model, it is estimated that there will be a
decrease in Edirne (-5.3%), Kirklareli (-7%) and Tekirdag
(-3.3%) in the period 2051-2060 in the RCP4.5 scenario
and also in Tekirdag in the same model, same period
RCP8.5 scenario (-0.1%), and an increase in all other
forecasts and the general trend is upward. Increases in
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IWR are expected to proportionally outweigh decreases.
Accurately determining the impact of climate change on
ET,, ET,, and IWR is crucial for designing irrigation sys-
tems and preparing irrigation programs. These results
suggest that the currently widespread rainfed sunflower
cultivation in the TR21 Thrace Region may become
insufficient under future climate conditions, potentially
necessitating the use of supplementary irrigation. There-
fore, the efficient, planned, and sustainable management
of regional water resources is of great importance. In
this context, the findings may serve as a guide for pro-
ducers, irrigation planners, and policymakers in devel-
oping adaptation strategies to climate change.
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Abstract. Nocturnal transpiration (E) can reduce water productivity by causing water
loss during a period without photosynthetic activity. This study quantifies tomato noc-
turnal E under greenhouse conditions, comparing two irrigation managements (full
irrigation — FI vs. Deficit irrigation — DI) and four fertilization treatments (raw com-
post vs. sieved compost vs. mineral vs. no fertilization), addressing a key gap in under-
standing potential inefficiencies in crop water use. Physiological and environmental
parameters were monitored weekly from transplanting to harvesting at four different
hours each day (06:00, 12:00, 18:00, and 24:00). At harvest, fruit yield, quality, and
water productivity were assessed. Only irrigation significantly affected E, with FI plants
exhibiting higher daytime E rates (+11-16%) than DI. Stomatal conductance varied by
time but was not influenced by irrigation. Nocturnal E persisted at ~12-13% of day-
time rates, indicating residual stomatal opening. Under FI, E positively correlated with
leaf temperature and vapor pressure deficit, while under DI, E was more influenced
by environmental temperature, reflecting tighter environmental control under water
stress. Neither irrigation nor fertilization significantly affected total (on average 64.1
Mg ha™) or marketable fruit yield (about 77.5% of total yield). Water productivity was
significantly higher under DI (+14.7%) than FI (21.5 kg m™). DI also increased fruit
dry matter content (+6.5%) and slightly lowered fruit pH without affecting total solu-
ble solids, titratable acidity, or electrical conductivity.

Keywords: transpiration, stomatal conductance, water productivity, fruits’ quality,
fruits’ yield.

HIGHLIGHTS

- Nighttime transpiration was ~12-13% of daytime, unaffected by irriga-
tion management

- Deficit irrigation improved water productivity by 14.7% without yield loss

- Deficit irrigation increased fruits dry matter without altering other qual-
ity traits
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1. INTRODUCTION

Water is a critical and increasingly limited resource
for agricultural production, directly affecting both crop
growth and yield. However, the increase of water pro-
ductivity (WP) remains a major challenge, particularly
in the face of climate change, growing food demand,
and the increasing frequency of drought events (FAO,
2021; IPCC, 2022; Borin, 2023). Among the physiologi-
cal processes involved in plant water use, transpiration
(E) plays a fundamental role in leaf temperature (T),¢)
regulation and gas exchange, ensuring the uptake of CO,
necessary for photosynthesis (Taiz and Zeiger, 2015).
Stomata regulate the exchange of gases between the
leaf’s internal air spaces and the atmosphere, playing a
crucial role in balancing CO, uptake for photosynthesis
with the prevention of excessive water loss. Due to this
dual function, they have become a key target in strate-
gies aiming to enhance WP in crops (Nguyen et al.,
2023). However, under suboptimal environmental con-
ditions, stomatal behavior can result in unproductive
water loss. For instance, stomata may remain partially
open during periods of water stress to support photosyn-
thesis, leading to a significant reduction in WP (Flexas
et al., 2013). While traditional strategies have focused on
steady-state stomatal conductance (gsw), recent attention
to stomatal kinetics and responsiveness offers promising
alternatives to enhance WP without compromising car-
bon assimilation (Nguyen et al., 2023).

Efficient irrigation systems aim to align water supply
with plant water demand to maximize productivity. Irri-
gation is commonly based on reference evapotranspira-
tion (ET,) — which depends on environmental variables
such as solar radiation, air temperature, vapor pres-
sure deficit (VPD), and crop coeflicient (Kc) (Pereira et
al., 2025). However, this simple approach can fall short
of capturing crop-specific physiological responses and
developmental stages, needing adjustment, for exam-
ple, considering the deficit irrigation (DI) management
(Gong et al., 2020). To overcome this limitation, crop E
models that incorporate factors such as leaf area index
(LAI), stomatal resistance, and crop development stage
have been proposed (Choi and Shin, 2020). Quantifying
crop evapotranspiration (ET,) has thus become essential
for implementing more targeted and water-efficient irri-
gation strategies (Sharma and Bhambota, 2022).

Since E is closely linked to plant physiology, it can
serve as a reliable indicator of crop growth and devel-
opment. For this reason, designing irrigation strategies
based on E models has become an increasingly impor-
tant approach to improve irrigation efficiency (Jo et al.,
2021). Various methodologies have been developed to
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estimate E, including the Penman-Monteith, Stang-
hellini, and Priestley-Taylor models, or to measure E
through experimental approaches using soil water bal-
ance (Strati et al., 2018), gsw via porometers (Toro et
al., 2019), sap flow (Lascano et al., 2016), and weighing
lysimeters (Choi and Shin, 2020).

Despite these advances, comparatively little atten-
tion has been given to the substantial water losses that
occur during the night. Recent evidence suggests that
nocturnal E, though not associated with carbon assimi-
lation, may account for a considerable fraction of daily
water loss. Across a wide range of C; and C, plant spe-
cies, nighttime E has been reported to range from 5% to
15% of daytime E rates, with values reaching as high as
30% under specific environmental conditions (Caird et
al., 2007a; Fricke, 2019).

Carbon exchange and water vapor loss through E
represent the two major mass flow processes in plants
during the day. Interestingly, both continue at night to
some extent through partially open stomata (Fricke,
2019). Nighttime E has also been observed in crops
grown under artificial lighting and in arid field condi-
tions, suggesting that nighttime E is both widespread
and environmentally persistent (Resco de Dios et al,,
2016; Fricke, 2019).

The physiological role of nocturnal E remains debat-
ed. However, Fricke (2019) suggests that it may offer
several benefits, including the maintenance of hydrau-
lic conductivity, facilitation of nutrients transport, and
preservation of leaf water potential. Nighttime water
loss may also facilitate respiratory CO, release through
open stomata, a process essential for leaf expansion, par-
ticularly under stress conditions such as drought and
salinity (Fricke, 2019). Under these circumstances, leaf
expansion at night may represent a more efficient use of
absorbed water compared to daytime, contributing to
stress acclimation mechanisms. In Solanum lycopersi-
cum (tomato), for instance, Lanoue et al. (2017) observed
a modest but measurable increase in nighttime E (from
22:00 to 06:00), despite the absence of nocturnal light-
ing. Although this effect was less pronounced than in
Eustoma grandiflorum (lisianthus), the results suggest
that tomato exhibits circadian regulation of gsw. Notably,
despite similar photosynthetic rates, tomato plants accli-
mated to red-white and red-blue LED lighting showed a
reduction in overall water use efficiency by 25% and 31%,
respectively, compared to those grown under high-pres-
sure sodium (HPS) lamps. These findings imply that noc-
turnal E can substantially impact WP, especially under
artificial lighting conditions. From an agronomic per-
spective, nocturnal water loss can lower WP by consum-
ing irrigation resources without contributing to biomass
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accumulation and carbon assimilation. Nevertheless, var-
iation in nighttime E among species and genotypes sug-
gests opportunities for genetic selection. A survey of wild
and cultivated tomato species showed a range of night-
time E from 8% to 33% of daytime values, highlighting
substantial intra- and interspecific variability and breed-
ing potential (Caird et al., 2007b).

Despite the economic importance of tomato, quan-
titative assessments of nocturnal E in this species
remain limited, and no threshold values have been pro-
posed for breeding purposes. In particular, the occur-
rence of nocturnal E that do not contribute to biomass
formation may represent a hidden inefliciency in the
plant’s water balance.

This study addresses this gap by quantifying night-
time water loss in greenhouse-grown tomato under dif-
ferent fertilization and irrigation management, also
assessing the quanti-qualitative tomato response.

2. MATERIALS AND METHODS
2.1. Experimental site and materials

The study was conducted in a tunnel greenhouse at
the “L. Toniolo” experimental farm of the University of
Padova (45°21°00” N, 11°57°02” E; 7 m a.s.l.) from June
to September 2022. The climate of the area is classified
as sub-humid, with an average annual temperature of
13.5 °C. The average annual precipitation (1994-2021)
is 830 mm, but evapotranspiration typically exceeds pre-
cipitation from April to September by approximately 260
mm (Berti et al., 2014). The soil is classified as Fluvi-Cal-
caric Cambisol (CMcf) with a silty loam texture (IUSS
Working Group WRB, 2014). It has a field capacity and
wilting point of 34% (v/v) and 13.5% (v/v), respectively,
a bulk density of 1.45 Mg m™, and a slightly alkaline pH
(approximately 8).

2.2. Experimental layout

Before transplanting, two soil tillage operations
were performed using a rotary tiller. Fertilization was
applied between the two tillage operations, followed by
the installation of a drip irrigation system and the trans-
planting of seedlings. One polyethylene drip line was
installed for each tomato row. The drip lines (16 mm
diameter) had in-line drippers inserted along the pipe
at 0.5 m spacing, with a discharge of 1.1 L h'. Tomato
(HEINZ 1281 F1 - Furia Seed) transplanting took place
on June 14, 2022, with a planting density of 2.5 plants
m~?, whereas harvesting on September 27, 2022.

Table 1. Chemical properties of compost used

Element Content
Total N 2.0 %
Total C 22.4%
P 6373 mg kg'!
K 26549 mg kg
Cd 0.74 mg kg!
Cr 36.96 mg kg!
Cu 104.64 mg kg'!
Pb 37.37 mg kg!
7n 247.55 mg kg

The irrigation volume was determined using soil
moisture sensors (Teros 10 - METER Group, Inc., Pull-
man, WA, USA) placed at three different depths (20 cm,
40 cm, and 60 cm). Irrigation was applied when in the
soil layer explored by the plants’ roots, remained the
60% of the available water, restoring soil moisture to
field capacity. The seasonal irrigation volume was meas-
ured using a water meter.

The experiment followed a split-plot design, with
two irrigation management as the main factor (plots of
45 m x 4 m each) and five levels of fertilization as the
second factor (subplots of 7.5 m x 4 m each), for a total
of 10 plots. The main factor included irrigation at 100%
ET, (FI) (for a total irrigation volume of 320 mm) and
at 75% ET, (DI) (for a total irrigation volume of 240
mm). The fertilization factor included mineral fertiliza-
tion, raw compost, fractionated compost (<2 mm), and
a control without fertilization. The amount of fertilizers
applied provided 150 kg N ha™, 100 kg P,O, ha™, and
200 kg K,0 ha™ to the crop. The characteristics of the
compost used in the experiment are reported in Table 1.

2.3. Tomato monitoring

From June 28 to September 6, 2022, physiologi-
cal (E, gsw, quantum yield of photosystem II - PhiPS2,
VPDy..s Tieor) and environmental (T,.;) parameters were
manually measured weekly in six plants per plot using
a porometer-fluorometer (LI-600, LI-COR Biosciences,
Lincoln, NE, USA). Measurements were taken at four
different hours of the day (06:00, 12:00, 18:00, and
00:00). The choice to measure six plants per plot was
made to allow the assessment of 60 plants (six plants
across ten plots) within approximately one hour, thereby
minimizing the potential influence of time on the meas-
ured parameters. Additionally, leaves’ chlorophyll con-
tent (SPAD index) was measured at 12:00 using a port-
able chlorophyll-meter (SPAD-502, Minolta, Japan).
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On September 13, 2022, three plants per plot were
sampled to determine the fruit quality by measuring dry
matter content after oven drying at 65 °C, total soluble
solids (TSS) content (°Brix), electrical conductivity, and
pH. Yield was quantitatively assessed two weeks later, on
September 27, 2022, by harvesting five plants per plot.
At the end of the growing season the WP was calculated
using the following equation:

Cumulative  fruits production (kgha’l)

WP = (m3ha™")

Irrigation volume

2.4. Statistical analyses

Descriptive statistics were calculated for all data-
sets to assess the main characteristics of the data dis-
tribution. The normality and homoscedasticity of
residuals were evaluated using the Shapiro-Wilk test
(Shapiro & Wilk, 1965) and the Bartlett test (Snedecor
& Cochran, 1989). When these assumptions were not
satisfied, Z-score normalization was applied (Cheadle
et al., 2003).

A linear model was fitted using the ‘Im()’ function in
R software (Bates et al., 2015) to evaluate E as a function
of irrigation regime and sampling hour, including their
interaction, across the full dataset. The same approach
was used to assess crop yield, WP, and fruits’ quality-
related parameters — dry matter content, TSS content,
electrical conductivity, and pH - as functions of irri-
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gation and sampling hour, including their interaction,
using the complete dataset.

Post hoc analyses were conducted using the
‘emmeans’ package (Lenth et al., 2021) to estimate mar-
ginal means, in combination with the ‘rstatix’ or ‘mult-
comp’ packages (Kassambara, 2019), applying the Sidak
method for multiple comparisons.

The correlation between all variables analyzed and
T was examined by calculating Spearman’s rank correla-
tion coeflicients using the R function ‘cor’ with method
= “Spearman”.

3.RESULTS AND DISCUSSION
3.1. Crop’s physiological traits

The analysis of fertilization and irrigation effects
revealed that neither fertilization nor the interaction
between the two factors significantly influenced E and
gsw. Therefore, based on these results, we focused exclu-
sively on irrigation, excluding fertilization from subse-
quent analyses.

Considering the entire growing cycle, we observed
that E varied significantly over time and between irri-
gation regimes. The analysis of the irrigation manage-
ment x sampling hour interaction across the full dataset
revealed significant effects on E (Figure 1). At 12:00, the
highest E rates were recorded, with FI showing signifi-

20.0 Irrigation Type
b = Fl
17.5 a = Dl
b
15.0 1 -1
T C
,I:” 12.5 -
£
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Figure 1. Crop transpiration (E) (mmol H20 m-2 s-1) (A) measured in two irrigation management, one with s with 100% ET, irrigation
(FI) and the other with 75% ET, irrigation (DI) assessed at four sampling hours (6:00 — 6, 12:00 - 12, 18:00 - 18, and 24:00 - 24). Different
lowercase letters indicate significant differences between irrigation managements (p-value < 0.05). The box shows the quartiles of the data-

set, while the whiskers extend to show the rest of the distribution.
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cantly higher values (+11.1%) than the DI. At 12:00 the
solar radiation usually peaks as well as the VPD, which
might have driven stomatal opening and E, as previously
suggested (Grossiord et al., 2020). The higher E observed
in FI might have been related to the greater water avail-
ability and higher gsw (Chaves et al., 2002).

By 18:00, E decreased in both irrigation manage-
ments, although it was still significantly higher in FI
(+15.8%) than DI. This finding is consistent with the
natural decline in light intensity and air temperature.
The higher values registered in FI, confirm the rela-
tionship between E and water supply even in the after-
noon. Throughout the daytime, as reported in literature
(Flexas et al., 2006), DI might have induced partial sto-
matal closure to conserve water, thereby reducing E rate.
In addition, the higher relative difference at 18:00 than
12:00 might suggest a cumulative effect of water stress
over the day under DL

No significant effect was instead monitored during
the night measurements (6:00 and 24:00) when E was
low, but consistently above zero, confirming the findings
of previous studies (Caird et al., 2007a; Resco de Dios
et al., 2016). The absence of treatment effects at night
may suggest that the two compared irrigation manage-
ments in our experimental greenhouse conditions have
less impact on stomatal behavior during nocturnal peri-
ods. On average across the growing season, nighttime
measurements showed that E at 06:00 was 1.4 times
higher than at 24:00, reaching 0.5 mmol H,O m™ s™.
This might be related to a pre-dawn stomatal opening
in anticipation of light, as suggested by the findings of
Resco et al. (2009).

On average, the daytime E values (12:00 and 6:00)
were 7.7 mmol H,O m? s and 6.8 mmol H,0 m? s for
FI and DI managements, respectively. The nighttime E
values were the 12.0% and 12.9% of the daytime E val-
ues for FI and DI managements, respectively. Our find-
ings agree with Caird et al. (2007b), who measured with
a portable photosynthesis system a nocturnal E of 10%
of maximal daytime E. The observed nighttime water
loss represents a substantial amount of water being lost
without simultaneous carbon fixation through photosyn-
thesis. Although this reduction in WP was observed, fur-
ther physiological assessments are needed to determine
possible positive effects, such as lower Ty that may
enable faster and more effective recovery from daytime
stress, particularly under DI management.

The gsw was significantly influenced by the sam-
pling time, but not by the irrigation management (Table
2). This suggests that the differences observed in E
were not only or primarily due to stomatal behavior. It
reached its peak at 12:00, with a value of 0.75 mmol H,O

Table 2. Crop physiological parameters: stomatal conductance
(gsw) (mmol H,0 m? s') and quantum yield of photosystem II —
(PhiPS2) measured in all treatments at the same four different sam-
pling hours (6:00; 12:00; 18:00; 24:00). Different lowercase letters
indicate significant differences between treatments (p-value < 0.05).

Physiological parameters

Sampling hours

gsw PhiPS2
6:00 0.20 ¢ 0.77 ab
12:00 0.75 a 0.71b
18:00 0.58 b 0.71b
24:00 0.07d 0.81 a

m™? s7\ It then decreased by about 25% at 18:00, 75% at
06:00, and 87.5% at 24:00. The higher gsw registered at
12:00, followed by 18:00, confirms the maximal stoma-
tal opening under optimal light conditions, which might
explain the corresponding peak in E. The gsw decrease
registered at 18:00 coincides with the decrease in E,
reinforcing that stomatal aperture is the primary driver
of daytime E variation (Flexas et al., 2006). The values
of gsw registered at 6:00 and 24:00 reflect a slight resid-
ual stomatal conductance corresponding to the non-zero
E registered. These findings align with studies showing
that nocturnal gsw, while low, can be physiologically
meaningful and may contribute to hydraulic redistri-
bution, nutrient uptake, or cooling (Caird et al., 2007b;
Resco de Dios et al., 2019).

PhPS2 was significantly affected by the hours, exhib-
iting the highest values at 24:00 (0.81) and the lowest at
12:00 and 18:00 (0.71). Intermediate values were record-
ed at 6:00, which did not differ significantly from those
at 12:00 and 18:00 (Table 2). No significant differences
were found among managements for the leaf SPAD val-
ues (56 on average).

3.2. Physiological parameters’ correlation

The correlation matrices for both night (18:00, 24:00)
and day hours (6:00, 12:00) in the two irrigation manage-
ments are presented in Figure 2. Only significant correla-
tions (p < 0.05) are described below. E was significantly
positively correlated with gsw under both FI and DI
managements during both daytime and nighttime. The
results are consistent with previous studies showing that
increased gsw facilitates water vapor loss from the leaf
surface, thereby enhancing plants’ E (Flexas et al., 2012).

Similarly, a recent study (Savvides et al., 2022)
documented a positive relationship between gsw and E
under water-stress conditions, although they observed
lower E values under DI, a trend not detected in the pre-
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Figure 2. Spearman correlation heatmap showing relationships between all analyzed variables (stomatal conductance — gsw; chlorophyll
fluorescence - PhiPS2; reference temperature — Tref; leaf temperature — Tleaf; vapor pressure deficit - VPD) and transpiration (E) within
the 100% ET, irrigation management (FI) and the 75% ET, irrigation management (DI), assessed at night (6:00h, 24:00h) and day (12:00,
18:00h) sampling hours. Statistical differences are marked with * (p< 0.05). rho-values are displayed in different colors, and the blank space
indicate the absent of statistically significant correlations.
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sent study. Although gsw typically decreases at night,
the positive nocturnal relationship between gsw and E
observed in this study may be explained by residual E,
as it did not drop to zero. This pattern aligns with the
findings of Caird et al. (2007b). In the nighttime, E
was also significantly negatively correlated with VPDy_,¢
under both irrigation managements. This suggests that
nocturnal E was more strongly controlled by residual
stomatal behavior than by atmospheric water demand.
At nighttime, E was significantly negatively correlated
with Ty, and T, During daytime, E was positively cor-
related with Ti.,; under FI and with T, under both irri-
gation managements. Additionally, E and VPD,; were
significantly negatively correlated at nighttime under
both irrigation managements, while a positive correla-
tion was observed under FI during daytime. The correla-
tions between E and Ty T, and VPDy,¢ highlight the
role of E in regulating plant thermal balance and vapor
pressure dynamics. As reported, E rate drives evapora-
tive cooling, which might affect T).,; (Gates, 1968). Dur-
ing the night period, without solar radiation input, T},
is mainly influenced by T,.; and E-induced evaporative
cooling should be minimal. However, in the present
study, plants exhibited a non-zero nocturnal E (with
related incomplete stomatal closure), which might have
caused water loss, consistently with previous obser-
vations (Coupel-Ledru et al., 2016), promoting slight
evaporative cooling and thereby lowering T).,; (Caird et
al., 2007b). This is consistent with the observed strong
positive correlations between T, and Ty, during the
night under both FI and DI conditions, suggesting that
T,.; might determine Ty at night. At the same time,
the cooling effect on Ty caused by residual nocturnal
E lowers VPD,,, since VPD,,; depends on air tempera-
ture, Ty, and ambient humidity, as described by Mon-
teith and Unsworth (2013). Indeed, nocturnal VPD,
was strongly positively correlated with both T, and Ty..s
reinforcing the idea that T\ plays a key role in noctur-
nal vapor pressure dynamics in greenhouse conditions
(Caird et al., 2007a; Coupel-Ledru et al., 2016). Thus,
the nocturnal E, by promoting leaf cooling, might have
led to a lower VPD,,;, explaining the observed negative
E-VPD,,, correlation under both FI and DI.

During the day, the dynamics shift due to incoming
solar radiation, which significantly increases Ty, Under
FI, high E through open stomata enhances evaporative
cooling, helping to counteract heat buildup (Gates, 1968;
Jones, 1999). Across the diurnal cycle E and Ty, are
often positively covarying because they share a common
driver (increased solar radiation and air temperature):
during the midday radiation peak both T, and E can
rise together even though E acts to reduce Ty, relative to

the no-transpiration case. This distinction between caus-
al effect (evaporative cooling) and covariation (common
forcing by radiation and air temperature) helps explain
E-T)..s positive correlations. Moreover, as daytime tem-
peratures rise and humidity drops, VPD,., increases,
and well-watered plants can respond by increasing sto-
matal opening, thus sustaining high E. This pattern
explains the positive E-VPD,, correlation observed dur-
ing daytime under FI. In well-watered, non-stressed con-
ditions, stomata behave passively, responding directly to
the evaporative demand driven by increasing VPD rather
than actively regulating to conserve water, as described
by Monteith (1995) and Jones (2014). In this context,
the positive correlations of VPD, ¢ with T, and Ty
observed under FI further support the role of air tem-
perature increases in driving vapor pressure dynamics
during the day. Additionally, the strong positive correla-
tion between T, and Ty, during the daytime under FI
highlights that T\, was largely controlled by T, even
under well-watered conditions.

Regarding T, the absence of correlation with E
under FI conditions indicates that when water is not
limiting, temperature alone is not sufficient to influ-
ence E. This suggests that, also under FI, E might be
controlled by stomatal and internal plant hydraulic fac-
tors by higher extent than external temperatures alone,
as reported for water-limited conditions (Chaves et al.,
2002; Medrano et al., 2002) where E is primarily regu-
lated by stomatal responses and internal hydraulic con-
straints (e.g., xylem conductance, water potential), much
more than being a direct reaction to external factors like
temperature or VPD. Under DI conditions, plants tend
to close their stomata to conserve water. This reduces
evaporative cooling, making the relationship between E
and T\, weaker, as registered in the present study where
it didn’t result statistically significant. Instead of helping
cool the leaf, E might become more influenced by the
T, This is consistent with the observed positive correla-
tions between T, and E and the strong positive T,—T}¢
correlation under daytime DI conditions, suggesting a
tighter environmental control of T).,; and E rates under
water deficit. Under DI, plants can be more sensitive to
factors like T, and VPDy,; which might explain the
significant relationships between T, and E, consistently
with the findings of Patakas et al. (2005) reporting that
when soil water is limited, plants cannot maintain full
stomatal control, making E more tightly linked to exter-
nal environmental factors like T, and VPDy,, especially
during daytime when evaporative demand is highest.

E was negatively correlated with PhiPS2 in both irri-
gation managements during nighttime and in DI dur-
ing daytime. At night, while the E decreases, in both
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irrigation managements, PhiPS2 might have undergone
basal photochemical and repair activities as previously
observed by Flexas et al. (2004) and Baker (2008). Under
DI, water stress conditions might have altered photo-
synthetic efficiency, including the regulation of electron
transport rates and photochemical efficiency (Flexas et
al., 2004). During daytime, under DI, the negative cor-
relation between E and PhiPS2 might reflect how limited
CO, uptake under water-limited conditions, together
with the light energy, might have caused photochemical
impairments, including reduced PhiPS2, as demonstrat-
ed in previous studies (Flexas et al., 2004; Chaves et al.,
2009; Lawlor and Tezara, 2009). Differently, under FI,
adequate water availability might have maintained pho-
tosynthetic efficiency, preventing a significant PhiPS2
relationship.

3.3. Crop yield and water productivity

Neither fertilization and irrigation, nor their inter-
action had a statistically significant effect on total fruits
yield, which showed an overall average of 64.1 Mg ha™.
These results are consistent with those reported by
Bekele (2017), who found that a 25% reduction in irri-
gation volume did not significantly affect tomato yield,
while improving water productivity.

In the present study, the proportion of marketable
yield remained high and comparable between irrigation
managements, with values of 77.6% under FI and 77.4%
under DI. This suggests that a moderate reduction in
irrigation did not compromise fruit yield (Nigatu et al.,
2024). Similar findings were reported by Patane et al.
(2011), who demonstrated that DI strategies, including a
50% reduction in ET, applied during part or all of the
growing season, did not significantly reduce the market-
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Figure 3. Average fruits’ water productivity (WP) (kg FW m-3) +
SE (A), and average fruits’ dry weight (DW) (%) + SE (B) meas-
ured in two experimental managements with 100% ET, irrigation
(FI) and the 75% ET. irrigation (DI). Different lowercase letters
indicate significant differences between managements (n = 5; p-val-
ue < 0.05, Sidak post-hoc test).
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able yield. Conversely, Lahoz et al. (2016) observed that
DI at 75% of ET. led to a 28.2% reduction in water use
but also resulted in a 16.4% decrease in marketable yield.

Fruits’ production was significantly enhanced under
DI, with a 14.7% increase compared to FI (21.5 kg m™)
(Figure 3A). A similar trend was reported by Gragn et al.
(2023), who noted a progressive increase in WP as irri-
gation levels decreased from 100% to 50% ET.. In their
study, the highest WP (20.4 kg m™) was achieved at 50%
ET,, while the lowest (12.0 kg m™) was recorded at 100%
ET,, which was statistically comparable to 75% ET..

3.4. Marketable fruits’ quality

The application of DI increased the fruits dry mat-
ter content (+6.5%) compared to the FI, which recorded
4.9% (Figure 3B). This parameter is particularly relevant
for the tomato processing industry, as lower fruit water
content is associated with improved processing efficien-
cy (Xu et al., 2024). Instead, no statistically significant
differences were observed between irrigation manage-
ments for TSS, titratable acidity, or electrical conductiv-
ity, with average values of 4.2 °Brix, 6.16, and 4.24 uS/
cm, respectively. However, fruits pH was slightly but
consistently lower under DI (4.1) than under FI (4.3).
Previous studies have highlighted the potential of regu-
lated DI to enhance fruit quality in processing tomato by
increasing TSS and other compositional attributes (Xu
et al., 2024). For instance, Lahoz et al. (2016) reported
an 8.4% increase in TSS and a 2.4% rise in the Hunter
a/b ratio, an indicator of improved fruit redness, under
DI. However, they did not observe significant changes
in pH, contrasting with the slight decrease detected in
our study. Our results agree with the findings of Zhang
et al. (2017), who found no significant differences in TSS
between 70% and 100% ET, irrigation managements,
with values ranging from 5.78% to 5.62%. Their findings
suggest that moderate water reductions can conserve
resources without compromising key fruit quality traits.
These improvements are particularly important for the
processing sector, as elevated TSS levels contribute to
increased product yield and reduced processing costs
(Johnstone et al., 2005).

4. CONCLUSIONS

Nocturnal E in tomato plants, although of low mag-
nitude, was consistently detected at 24:00 and 06:00
under both FI and DI, indicating that nocturnal water
loss is not negligible. This residual E, likely driven by
incomplete stomatal closure, represents a hidden compo-
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nent of the crop’s water balance. Its potential physiologi-
cal roles, such as contributing to nocturnal leaf cooling,
warrant further investigation.

Irrigation management significantly affected day-
time E but not nocturnal values. FI resulted in higher
E and gsw during peak irradiance (12:00 and 18:00),
reflecting passive stomatal behavior under high atmos-
pheric evaporative demand. In contrast, DI induced par-
tial stomatal closure and reduced E, particularly in the
afternoon, showing greater dependence on T, due to
limited stomatal control.

DI improved WP by 14.7% without reducing yield.
Furthermore, DI enhanced fruit dry matter content
by 6.5%, an important quality attribute for processing
tomato, without negatively affecting TSS, acidity, or elec-
trical conductivity. These results highlight the potential
of moderate water-saving irrigation strategies to improve
WP and fruit quality without yield penalties.
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Abstract. The El Nifo-Southern Oscillation (ENSO) is a major driver of inter-annual
climate variability in Indonesia and has significant implications for agricultural pro-
ductivity. Mangosteen (Garcinia mangostana), a perennial tropical fruit and one of
Indonesia’s key export commodity, is highly sensitive to climate fluctuations. Under-
standing how ENSO affects mangosteen production is critical for developing climate-
informed cultivation strategies. This study investigates the impact of ENSO on mango-
steen production dynamics in Indonesia using provincial-scale data from 1997 to 2020,
including the number of harvested plants, yield, and total annual production. The
Oceanic Nifo Index (ONI) was used to classify each year into El Nifio, La Nifa, or
Neutral phases. Number of harvested plants, yield and production during El Nifo and
La Nina years were then compared to those of neutral years to assess ENSO-related
impacts. Results show that the impact of ENSO on mangosteen varies across different
regions of Indonesia. Generally, the number of harvested plants increased during El
Nifo years but declined during La Nifa years. In contrast, yield is generally lower in
both El Nifno and La Nifia years compared to neutral years in most production centre
area except in Bali- Nusa Tenggara and Maluku- Papua. Overall production increased
slightly (1-12%) during El Nifio but dropped significantly (2-40%) during La Nifia,
indicating that excessive rainfall during La Nifia has a more detrimental effect on man-
gosteen yields than drought during El Nifo. These findings highlight the importance
of ENSO monitoring as a basis for climate risk management in perennial fruit crops.
Early warning systems and adaptive measures, such as irrigation planning for dry years
and drainage infrastructure for wet years, are essential to mitigate ENSO-related pro-
duction losses.

Keywords: ENSO, Mangosteen, climate variability, rainfall, economic loss.

HIGHLIGHTS

— The effects of ENSO on mangosteen differ across various regions in
Indonesia

- Mangosteen yields decline during both El Nifo and La Nifia, with La
Nifa except in Bali- Nusa Tenggara and Maluku- Papua. While annual
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production increase slightly in El- Nifio Year (1-12
%) and drop during La-Nifa (2-40%)

- El Nifo increases harvested plant numbers, slightly
boosting total production despite lower yields.

- ENSO monitoring and adaptive measures (e.g., irri-
gation in dry years, drainage in wet years) are criti-
cal to reduce climate-related losses.

INTRODUCTION

The mangosteen (Garcinia mangostana L.) is one of
Indonesia’s leading horticultural commodity with high
potential to contribute to national economic develop-
ment, public health, and rural livelihoods. It is rich in
minerals and vitamins particularly vitamin C (Aizat et
al.,, 2019; Ansori et al., 2020; Ovalle-Magallanes et al.,
2017) and contains xanthones in its rind, which have
been identified for their antioxidant, anti-inflammatory,
anticancer, and cardiovascular health benefits (Anso-
ri et al., 2022; Kalick et al., 2023; Nauman & Johnson,
2022). In 2023, Indonesia exported 42.8 thousand tons
of mangosteen, generating USD 112 thousand in foreign
exchange (Ministry of Agriculture, 2024). This makes
mangosteen the second-largest contributor to fruit-based
foreign exchange income. Given its economic and health
benefits, sustainable production of mangosteen is crucial
to improving societal well-being.

Despite Indonesia’s favourable agroclimatic condi-
tions and genetic diversity with 14 registered cultivars
mangosteen productivity remains low, only reach-
ing 5-8 tons/ha, compared to Thailand’s 10 tons/ha
(Directorate General of Horticulture, 2021). Climate
is one of the most influential abiotic factors affecting
mangosteen development (Jaroensutasinee et al., 2023;
Raju et al., 2024; Sayruamyat et al., 2021) . Climate
affects flowering, pollination, fruit formation, pest and
disease attacks, as well as fruit production and qual-
ity (Apiratikorn et al., 2012; Jaroensutasinee et al,,
2023b; Mansyah, 2009; Ounlert et al., 2017). Studies
have shown that climatic variability accounts for nearly
one-third of plant growth and productivity (Leng et al.,
2016; Ray et al., 2015). However, the impacts of specific
climatic phenomena on mangosteen yield and quality
remain underexplored (Tengsetasak et al., 2024). The
sustainability of production in Indonesia requires sup-
port from various research and development efforts on
mangosteen, particularly in increasing production and
controlling pests and diseases affecting mangosteen
(Mansyah et al., 2013).

Indonesia’s climate is strongly influenced by inter-
annual variability, particularly the El Nifio-Southern
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Oscillation (ENSO) (Aldrian & Susanto, 2003; Arrigo &
Wilson, 2008; Hendrawan et al., 2019; Hidayat & Ando,
2018) and Indian Ocean Dipole (I0OD) (Mulyana, 2002;
Nur’utami & Hidayat, 2016). ENSO refers to the recur-
ring pattern of climate variability in the eastern Pacific
Ocean, marked by sea surface temperature anomalies
(SSTA) and changes in sea level. The warming of sea
surface temperatures indicates an El Nifo event, while
the cooling signifies a La Nifna event. El Nifo typically
delays the onset of the rainy season and extends the dry
season in Indonesia ((El Ramija et al., 2021; Hidayati
& Chrisendo, 2010; Iskandar et al., 2019; Karuniasa &
Pambudi, 2022; Nugraheni et al., 2024a; Sidauruk et
al., 2023). Conversely, La Nifa tends to bring an ear-
lier onset of the rainy season and a shorter dry season
(Alhadid & Budi Nugroho, 2024; Endah Ardhi Ningrum
Abdullah et al., n.d.; Harahap et al., 2023; Hidayat et al,,
2018; Nugraheni et al., 2024b; Supari et al., 2018)

ENSO has been shown to affect flowering periods
and harvest dynamics in tropical fruit crops, including
mangosteen (Sarvina & Sari, 2018) (Apiratikorn et al.,
2014). With increasing occurrences of extreme ENSO
events due to climate change (Chen et al., 2024; Xie et
al.,, 2022), understanding their impact on mangosteen
production is essential for developing adaptive agricul-
tural strategies.

This study aims to assess the influence of interannu-
al climate variability focusing on ENSO on the produc-
tion dynamics of mangosteen in Indonesia. The findings
are expected to support climate-smart mangosteen farm-
ing through the development of cultivation calendars
and adaptive agronomic planning.

MATERIALS AND METHODS

This study uses mangosteen production data, spe-
cifically the number of haversted plant and yield all
provinces across regions in Indonesia for the period
1997-2020. The data were obtained from the Central
Bureau of Statistics (BPS), compiled in the Indone-
sian Fruit and Vegetable Statistics Book. The ENSO
indicator used in this study was the Oceanic Nifio
Index (ONI), covering the same period as the avail-
able production data. This data was obtained from
the National Oceanic and Atmospheric Administra-
tion (NOAA) and downloaded from the website http://
www.cpc.ncep.noaa.gov/products/. The ONI represents
a three-month running average of sea surface tempera-
ture (SST) anomalies in the Nifo 3.4 region (5°N-5°S,
120°-170°W). Sea surface temperature in the Nifio 3.4
region is a widely recognized indicator of variability
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that significantly affects Indonesia (Hidayat et al., 2018;
Surmaini et al., 2015)). The ONI data is used to identify
years of La Nifia and El Nifo years.

The data on the harvested plants and yield were
grouped according to the years of Neutral, El Nifo,
and La Nina events. This method has been widely
used to examine the influence of ENSO on agricultur-
al commodity production (Cirino et al., 2015; Cobon
et al., 2016; Ramirezrodrigues et al., 2014; Sarvina &
Sari, 2018) . This approach is known as the anomaly
approach. The ENSO years selected include El Nifio
and La Nina events with moderate, strong, and very
strong intensities. For each year, the average values
were calculated. The number of harvested plants and
yield during El Nifio and La Nifa years were compared
to those in neutral years, providing information on the
increase or decrease in production during El Nifo and
La Nifia compared to neutral conditions. Furthermore,
the increases and decreases in the number of harvested
plants and yield were mapped spatially to identify the
regions experiencing the greatest changes in production
thus identifying the most impacted areas.

RESULTS

The uneven distribution of mangosteen production in
Indonesia highlights a concentration in Java and Suma-
tra, with limited expansion to other regions. This spatial
limitation is compounded by the predominance of tradi-
tional cultivation practices, where mangosteen is often
grown in home gardens with minimal inputs and without
standardized agronomic management, resulting in gener-
ally low yields and quality. Figure 1 illustrates the num-
ber of harvested mangosteen plants across major islands
during different ENSO phases. Analytical results indicate
that La Nifia events are associated with a reduction in the
number of harvested plants across most islands, reflecting
possible negative impacts of excess rainfall or prolonged
wet conditions on flowering and fruiting processes. How-
ever, Maluku and Papua deviate from this trend, show-
ing a notable increase in productive trees during La Nina,
which may be attributed to differing agroecological condi-
tions or adaptive local cultivation practices.

In contrast, El Nifio years generally correspond with
a higher number of productive trees compared to Neu-

Number of Harvested Plant by Island Across ENSO Phases

Bali and Nusa Tenggara Java Kalimantan
Py 4000 o) ®
& 2
@
200 — . 1000
®
2000
—_
%)
2 500
& 100
g 1000
=]
=
=
-
5
o 0 0 0]
°
2 Maluku and Papua Sulawesi Sumatera
(7]
@ @ @ @
z ®
% . ® [<] . 4000
i 200 900 |
)
2 3000 @
E 150
= 800
2000
100
300
50 1000
0 0 0]
El_Nino Neutral La_Nina El_Nino Neutral La_Nina El_Nino Neutral La_Nina
ENSO Phase

Figure 1. The number of Harvested Plants per Island/group Island.
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tral years, potentially due to drier conditions favouring
flowering induction in mangosteen, which is known to
respond positively to stress prior to fruiting. The only
exception is Sumatra, where a slight decline in number
harvested plant was recorded during El Nifio years, sug-
gesting regional variability in mangosteen response to
climatic stressors. These findings underscore the impor-
tance of understanding regional responses to ENSO var-
iability for improving adaptive strategies in mangosteen
cultivation across Indonesia.

The yield of mangosteen during Neutral, El Nifo,
and La Nifia years in Indonesia is presented in a boxplot
in Figure 2. The highest mangosteen yield in Indonesia
is found in Java and Sumatra, ranging between 60-70
kg/tree, while the lowest productivity is found in Kali-
mantan, Maluku, and Papua, at below 50 kg/tree. This
indicates that in eastern Indonesia, the crop has not yet
been cultivated optimally. There is still significant poten-
tial to increase productivity, thus further research and
studies on productivity improvement are needed.

The differing patterns of yield increase and number
of harvested plants during El Nifio and La Nifia events

Mangosteen Yield Per Island Across ENSO Phase
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affect mangosteen production patterns. Changes in man-
gosteen production during El Nifio and La Nifia years
are presented in Figure 3, which shows that, in general,
mangosteen production in Indonesia increased during
El Nifo years, except in Sumatra. Conversely, during
La Nifia years, production generally decreased, except
in Maluku and Papua. During El Nifo years, produc-
tion increased by approximately 1-12%, while during La
Nifia years, production declined by 2-40%.

The distribution map of production changes dur-
ing La Nifna and El Nifio years by province is presented
in Figure 4. During La Nifia years, it is observed that
most provinces in Java, Kalimantan, and Sumatra expe-
rienced a decline in production. These regions are the
main mangosteen production centers in the country thus
production declines in these areas can trigger substan-
tial national level supply fluctuations. The regions with
the largest decline in production during La Nifa years
are Kalimantan, Sumatra, and Java. The regions where
production increased during El Nifio years are Java, Bali,
and Nusa Tenggara.
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Figure 2. Boxplot of mangosteen yield (kg/tree) per island during each ENSO phase.
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Percentage of Change Production per Island/Group Island Across ENSO Phase
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Figure 3. Changes in mangosteen production during El Nifo and La Nifa years.

Figure 5 illustrates the spatial distribution of yield
changes during El Nifio and La Nifa years. In general,
areas experiencing yield declines during El Nifo years
include most parts of Sumatra, Java, and Kalimantan. In
contrast, during La Nifa years, yield reductions predom-
inantly occurred in Central and Eastern Java, Eastern
and Central Sumatra, Eastern and Western Kalimantan,
Southern Sulawesi, and Papua.

Differences in rainfall during El Nifio, neutral, and
La Nifia years are presented in Figure 6. The selected
years are 2015 for El Nifio (very strong), 2013 for neu-
tral, and 2010 for La Nifia (moderate). In 2015, the very
strong El Nino event led to a significant reduction in
rainfall across Indonesia, with most regions receiving
less than 2000 mm of annual rainfall. In contrast, dur-
ing the moderate La Nifia year of 2010, increased rainfall
was observed, resulting in wetter conditions across much
of the country.

DISCUSSION

ENSO phases significantly influence production:
during EI Nifio, there is a general increase in the num-
ber of harvested plants in regions like Java, Bali, and

Nusa Tenggara, leading to a national production rise
of about 4.3%, although Sumatra sees a slight decline.
In contrast, La Nifa causes a decrease in harvested
plants and yield in major producing regions, particu-
larly Java, Sumatra, and Kalimantan, resulting in a
24.5% national production drop. Regional patterns
vary: Maluku and Papua show increased productive
trees during La Nifia and higher productivity dur-
ing El Nifio, while Bali and Nusa Tenggara experience
increased productivity in both El Nifno and La Nifa
years. Spatial analysis confirms La Nifna’s widespread
negative impact and El Nino’s more localized yet
potentially beneficial effects.

Mangosteen requires a dry period to induce flower-
ing (Lu & Chacko, 2000; Ounlert et al., 2017; Salakpetch
& Nagao, 2006) . Water stress can trigger flowering by
altering the hormonal balance within the plant, such
as changes in gibberellin, cytokinin, and abscisic acid
(ABA) levels, as well as an increase in the carbon-to-
nitrogen ratio in the shoots. Water stress suppresses veg-
etative growth, and an adequate dry period stimulates
floral induction (Anisworth, 2006). Rainfall for optimal
growth totals 1,500-2,500 mm per year, with 7-10 wet
months (rainfall >100 mm/month) and 2-4 dry months
(rainfall <50 mm/month) (Nuraini et al., 2022)
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The Change in Production during La-Nina Years
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Figure 4. Map of change of mangosteen production during La-Nina (top) and El-Nino (bottom).

Insufficient dry periods caused by high rainfall inten-
sity, such as during La Nifa events disrupt the flowering
induction process. This disruption is one of the main
factors contributing to the decline in the number of har-
vested plants of mangosteen during La Nifia years. This
finding is consistent with field research conducted by
(Nidyasari et al., 2018), which reported that mangosteen
trees failed to flower and produce fruit due to excessive
rainfall, reaching 301-400 mm/month. A decrease in
rainfall and a delayed onset of the rainy season disrupts
production. During El Nifo years, the dry period is suf-
ficiently long to induce flowering, which leads to a higher
number of harvested plants compared to neutral years.

A different pattern is observed in Maluku and Papua,
where the number of harvested plants is higher during

La Nifia years compared to El Nifo years. This can be
explained by the fact that Maluku has a rainfall pattern
that is the opposite of the general rainfall pattern in most
parts of Indonesia (Aldrian and Susanto, 2003). Mean-
while, in Sumatra, the number of harvested plants dur-
ing El Nifio years is lower than in neutral years, possibly
because rainfall in this region is influenced not only by
ENSO but also by the IOD (Nur'utami & Hidayat, 2016))
During both El Nifio and La Nifia years, a decline
in yield occurred across all major mangosteen-produc-
ing regions, such as Sumatra and Java. The same pat-
tern was also observed in Kalimantan, Maluku, and
Papua. In El Nifio years, although the number of har-
vested plants was higher compared to neutral years, the
continuous decrease in rainfall disrupted flowering and
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The Change in Yield During El- Nino Years
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Figure 5. Map of change Mangosteen yield during La Nifia and El Nifio years.

fruit development. After flower formation, adequate irri-
gation is needed to ensure that the flowers develop into
fruit. Since rainfall during El Nifo years is lower than
normal, Water scarcity due to drought can significantly
impede the physiological processes involved in fruit
growth and development, resulting in reduced fruit size
and diminished yield. This is consistent with the find-
ings of Jaroensutitas Asinee (2023) and Salakpetch et al.
(2006), which showed that off-season mangosteen fruits,
developing under warmer and drier conditions, had
less developed pericarps, resulting in significantly lower

fresh weight and smaller fruit size. Off-season trees also
produced fewer flowers and fruits per branch, indicating
limited resources for fruit development and leading to
smaller fruits, fewer blossoms, and increased fruit drop.
In La Nifia years, the decline in production was due
not only to the lower number of harvested plants caused
by the lack of dry stress but also to the high rainfall,
which can lead to flower and fruit drop, thereby affect-
ing mangosteen yields. Furthermore, mangosteen is a
plant that does not tolerate waterlogging. The roots of
the mangosteen plant lack root hairs, which are crucial



72 Yeli Sarvina, Ellina Mansyah

Indonesian Rainfall during La- Nina Year 2010
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Figure 6. Indonesian Rainfall during El Nifio(2015), Neutral (2013) and La-Nifa (2010) (DataSource : CHIRSP data: https://data.chc.ucsb.
edu/products/CHIRPS-2.0/)
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Figure 7. Export volume and value of Manggosteen fo 2019- 2023 (source : Ministry of Agriculture Republic Indonesia, 2024) and NOAA,

2025).

for efficient absorption of water and nutrients. Addition-
ally, the plant exhibits a low photosynthetic rate and a
slow rate of cell division at the shoot meristem (Wiebel
et al,, 1992). These physiological limitations make man-
gosteen highly sensitive to environmental stress. Conse-
quently, both drought and excess water can severely hin-
der its growth and reduce fruit production.

Mangosteen Yield in the Bali and Nusa Tenggara
regions shows a different pattern compared to other are-
as, where yield during neutral years is lower than in El
Nifo and La Nifa years. Bali and Nusa Tenggara have
relatively low rainfall compared to other regions in Indo-
nesia. The climate types in West Nusa Tenggara (NTB)
and East Nusa Tenggara (NTT) include C3, D3, D4, and
E4 (Oldeman et al., 1980; Susanti et al., 2021; Tasiyah et
al., 2024). During La Nifla years, increased rainfall may
contribute to higher yield. Meanwhile, the rise in yield
during El Nifio years is likely since the decrease in rain-

fall does not occur during the flowering and fruit devel-
opment stages. However, this hypothesis requires further
investigation using more detailed data.

The changes in total mangosteen production shown
in Figure 3 indicate that during La Nifa years, there
was a significant decline in production, especially in
key mangosteen-producing regions such as Sumatra and
Java. During El Nifo years, production increased despite
lower yield compared to neutral years, due to a higher
number of harvested plants in those years. However, the
increase during El Nifo was lower than the decrease
during La Nifla. According to the Directorate of Horti-
cultural (2025), in 2010 when Indonesia’s climate was
disrupted by a moderate intensity La Nifia, the produc-
tion of vegetables and fruits was severely affected, lead-
ing to shortages that triggered price hikes. Fruit produc-
tion declined by 35-75%, while vegetable production fell
to only 20-25% of normal levels.
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The impact of reduced mangosteen production in
key producing areas disrupts the supply needed to meet
market demand. This impact can be seen, for example, in
the sharp decline in Indonesia’s mangosteen export vol-
ume in 2021 and 2022 because of the Triple Dip La Nifa,
a rare climatic phenomenon characterized by the con-
tinuation or recurrence of La Nifia conditions over three
successive years, which lasted from mid-2020 to early
2023 (Figure 7). The export volume in 2021 declined by
nearly 50% compared to that in 2020. This clearly dem-
onstrates that ENSO had a significant economic impact
on the mangosteen trade system in Indonesia.

The results of this study suggest that the ENSO
index at moderate to strong intensities can serve as an
early warning tool for policymakers in developing pre-
ventive measures for mangosteen cultivation manage-
ment. ENSO forecasts issued by various global climate
research institutions can be used as essential references
for cultivation planning. Several adaptive measures can
be considered, including the provision of irrigation sys-
tems during El Nifo years to mitigate drought risks, and
the construction of adequate drainage systems during
La Nifia years to prevent excessive water accumulation
that could damage crops. In addition, it is important to
develop technologies that allow artificial drought stress
induction during wetter years, enabling flower initia-
tion to still occur. During high rainfall La Nifia years,
the application of hormones or enzymes that strength-
en flowers and fruits is also necessary to prevent drop
caused by extreme weather conditions. For instance,
(Lerslerwong et al., 2013) can extend harvest period by
chemical control.

CONCLUSIONS

ENSO has been shown to significantly affect rainfall
patterns in Indonesia. El Nifio events are associated with
reduced rainfall, while La Nifna events tend to increase
rainfall across the region. ENSO influences the dynam-
ics of mangosteen production In Indonesia.The number
of harvested plant decreases during La Nifna years and
increases during El Nifio years in most regions of Indo-
nesia except Sumatera. In general, productivity during
both El Nifo and La Nifa years is lower compared to
neutral years except Bali- Nusa Tenggara and Makuku-
Papua. Annual total production tends to increase during
El Nifio years and decrease during La Nifa years, with
the decline in production during La Nifa being greater
than that during EI Nifo.
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Abstract. The Normalized Difference Vegetation Index (NDVI) is one of the earliest
spectral indices developed to monitor vegetation dynamics and assess changes over
time. Climatic conditions, particularly rainfall, play a significant role in shaping the
distribution and density of vegetation, especially in urban and semi-arid environments.
The study aims to use remote sensing techniques to find out how dense vegetation cov-
er is in Iraq, how it has changed over time, and how NDVI and rainfall are related. We
applied the NDVI to 264 monthly satellite photos from NASA’s MODIS sensor, cap-
tured between 2000 and 2021. The study looked at changes in NDVI and rainfall data
over the same period to find trends in the two variables throughout space and time.
The results showed that vegetation cover changed a lot over the years of the study. Cli-
mate variables, especially rainfall, directly affected whether vegetation grew or shrank.
There was a modest positive link between NDVT and rainfall, with a correlation coef-
ficient 0.5. This means that more rain usually means more vegetation growth and
activity. The data also showed that the NDVI values were greater in the northern and
eastern Iraq than in the southern and western parts. This was because the north has
many mountains and a fairly humid climate. Over time, the vegetation in the central
region slowly decreased because of urban growth and less rain. These findings show
how important it is to combine NDVI and rainfall data for effective management of
land and water resources and to find locations with more potential for farming.

Keywords: rainfall, vegetation, NDVI, MODIS, temporal and spatial analysis, Iraq.

HIGHLIGHTS

1. NDVI was analyzed to assess vegetation dynamics in Iraq from 2000 to
2021 using 264 MODIS satellite images.

2. The study reveals a clear relationship between rainfall and vegetation
density, with a correlation coefficient of 0.5.

3. Changes in vegetation cover correspond to climatic variations, showing
greater density in the northern and eastern regions.

4. NDVI has increased slightly over the years, suggesting improved vegeta-
tion or changing land use patterns.
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5. The results help identify areas suitable for agricul-
ture and water resource management.

1. INTRODUCTION

Vegetation cover is a key component of ecosys-
tems, reflecting the land’s health and response to cli-
matic conditions, particularly rainfall. Because of this,
it can impact health, the environment, and the econo-
my. Because of this, scientists keep an eye on plant life
all around the world (Zheng, 2021). NASA satellites
have been making maps of Earth’s land surfaces since
2000. These maps show the amount of vegetation on
the land. These satellites always go around the Earth,
collecting information about the oceans, the air, and
the land (Mustafa, 2020). The satellites can also watch
what living things do. Satellite images are useful when
available to anyone who wants to look at them (Dea-
gan et al.,, 2023).

NASA Earth Observations (NEO) aims to provide
accessibility to global satellite imagery. This will let
anyone study and download data from NASA’s Earth
Observation System satellites (Almamalachy et al.,
2020). There are more than 50 different worldwide data-
sets that give daily, weekly, and monthly snapshots in a
variety of formats (Helali et al., 2022). The loss of veg-
etation cover in Iraq is a major environmental problem
caused by things like drought, too much grazing, and
the growth of cities (Guo et al., 2021). Also, when plants
die, the soil becomes weaker and more likely to be
eroded by wind, which makes dust storms more likely
to happen. These events make the air quality worse and
put people’s health at risk (Naif et al., 2020). The asso-
ciation between the Normalised Difference Vegetation
Index (NDVI) and rainfall is very similar to how the
seasons and weather fluctuate in the area (Jaber et al.,
2020). Rain is a big reason why plants flourish, especial-
ly in areas that are semi-arid or desert. Rainfall makes
more water accessible in the soil, which helps plants
develop faster. The greater NDVI value shows that the
plants are growing. Because Iraq has a semi-arid and
arid environment, its agricultural areas depend a lot on
rain that falls every year (Al-Hasn, 2024).

Many studies have been written about how NDVI
changes over time and how it relates to rainfall. For
example, Al-Hasn (2024) looked at the link between
rainfall and NDVT in Syria from 2012 to 2022 and found
a good correlation of R=0.7. Naif et al. (2020) used
Landsat satellite pictures to map the NDVI in Baghdad
twice a year from 2008 to 2013 and again in 2019. The
study looked at how NDVI changed during the grow-
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ing seasons in connection to two weather conditions: air
temperature and rain. The results showed a substantial
link between the NDVI-based patterns of plant develop-
ment and the climate data collected throughout the cur-
rent growing seasons. Muhammad and Hassoun (2023)
used NDVI data from 1992 to 1999 to compare rainfall
in Sulaymaniyah and how it affected plant cover. Their
research showed that the most rain in 1992 (5 mm)
helped plants expand, whereas the least rain in 1999 (4
mm) made plants cover less ground.

Al-Daoudi and Al-Timimi (2024) used NDVI data
from MODIS to examine how Iraqg’s plant cover changed
between 2000 and 2023. The study examined important
years (2004, 2009, 2014, 2019, and 2023) and compared
them to the baseline year of 2000. The results showed
that April 2019 had the most vegetation, with 51.2%,
while 2000 had 14.5%. The lowest coverage occurred in
2009, with only 14% of the area covered. Hatem et al.
(2024) investigated the impact of drought on Iraq’s veg-
etation from 2000 to 2022, using remote sensing (RS)
using the NDVI index. The analysis identified 2000,
2008, 2009, 2010, 2012, and 2022 as the years most
affected by drought. Landsat images revealed the lowest
vegetation percentages in 2000, 2008, 2009, and 2010,
with values of 3.35, 4.98, 5.40, and 5.11%, respectively.
Similarly, MODIS data indicated the lowest vegetation
cover percentages 11.12, 11.26, 12.58, 13.02, and 14.44%
in years 2008, 2000, 2009, 2012, and 2022, respective-
ly. Al Rukabie et al. (2024) examined the influence of
monthly precipitation on surface water area, vegetation
area (represented by the Normalized Difference Veg-
etation Index, NDVI), and potential evapotranspiration
across two years (2018 and 2021) in Baghdad, Iraq. The
Thornthwaite aridity index was employed to evaluate
annual aridity and categorize the climate during these
years. In 2021, a lack of precipitation resulted in no dis-
cernible link in arid climates, whereas in 2018, semi-arid
climates had a positive non-linear correlation between
precipitation and MNDWI and NDVT areas, alongside a
negative correlation with PET.

The research problem focuses on examining the cor-
relation between vegetation cover density and rainfall
fluctuations in the region from 2000 to 2021. Utilizing
RS and geographic information systems (GIS), this paper
aims to quantify the strength of this relationship. Given
the study area’s temporal and spatial variability in rain-
fall, understanding this connection is crucial for assess-
ing the effect of rainfall on vegetation cover density and
its subsequent changes. This study highlights the crucial
importance of RS, especially the NDVI, as an effective
tool for early warning systems related to agricultural
drought.
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2. MATERIALS AND METHODS
2.1. Study area

The Republic of Iraq is the area of study. It is in the
southwestern part of Asia. It is located in the northern
hemisphere’s subtropical latitudes, when summer tem-
peratures are very high (Abdulkareem and Nemah, 2021).
The country is between 29.5° and 37.5°N and 38.45° and
48.45°E of the Greenwich Meridian (Al-Lami et al., 2023).
Iraq covers a surface area of 435,052 km” and has a coast-
line stretching 58 km. The country’s climate and thermal
characteristics are significantly influenced by its primary
bodies of water, the Arabian Gulf and the Mediterranean
Sea (Muter, 2024). It shares direct land borders with six
neighbouring countries: Iran, Jordan, Kuwait, Saudi Ara-
bia, Syria, and Turkey (Nassif et al., 2024) (see Fig. 1).
Iraq has a Mediterranean climate, ranging from semi-arid
(highlands) to arid (lowlands), with dry and hot summers
and cool winters (Abdul Jabbar and Abdulkareem, 2021).
Iraq experiences a continental subtropical climate charac-
terized by four distinct seasons. The average annual tem-
perature is 0°C in winter and 51°C in summer (Gaznayee
et al., 2022). Rainfall falls seasonally from November to
May, with an average annual rainfall of 150 mm in the
south and 900 mm in the northeast. According to (Kad-
hum et al. 2022), the average wind speed in the research
area was 3.6 m/s. The amount of vegetation in Iraq chang-
es from the northern mountainous parts to the centre and
southern areas, which have less vegetation. This change
has an impact on the country’s biological variety and
farming systems (Mzuri et al., 2021).
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Figure 1. Study area and spatial distribution of meteorological sta-
tions. (Muter et al., 2024).

2.2. Data sources
2.2.1. Ground stations

Monthly rainfall data for the period 2000-2021,
obtained from the Iraq Meteorological and Seismologi-
cal Organization (IMOS), were used to determine the
average rainfall covering 38 rainfall stations in the study
area. The details of these stations by geographical coor-
dinates are presented in Table 1.

2.2.2. Satellite images

Satellite data were used to identify the NDVI values
and the spatial distribution of vegetation cover during
the study period using ArcMap 10.4.1 software. NASA’s
Earth satellite used MODIS (Land/Aqua) satellite data to
make NDVT images for the years 2000 to 2021. For this
study, 264 monthly satellite images were downloaded
and analyzed, with 22 images covering the entire study
area used for each year of the study period. The study
examined the temporal and spatial variations of the
NDVT index and its responses to rainfall, using satellite
observation from the last two decades in Iraq. The use
of MODIS NDVI data instead of higher-resolution alter-
natives can be justified based on several factors. MODIS
provides continuous NDVI data from 2000 to the pre-
sent, with regular updates. MODIS with spatial resolu-
tion (500 m or 1 km) is suitable for large-scale regional
studies. If the purpose of the study is to analyze general
trends and large-scale changes in a country such as Iraq,
MODIS resolution is sufficient and less complex to man-
age. MODIS data is small, making it faster and easier to
analyze. MODIS provides composite data that reduces
the effect of clouds. In arid or semi-arid regions, such as
Iraq, where seasonal clouds can occur, MODIS data may
be more appropriate.

2.3. Methodology

2.3.1. Rainfall

Rainfall maps for the research area were generated
utilising annual rainfall data from 38 climate stations
within the ArcGIS 10.4.1 framework, employing the
Kriging tool from the Spatial Analyst extension. Kriging
is a geostatistical interpolation technique that estimates
unknown values based on known data points, providing
a more precise spatial prediction. It accounts for both
the distance and the degree of variation between points
to predict values at unmeasured locations. The general
equation for the Kriging method (Goovaerts, 2019) is
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Table. 1. Geographic coordinates for study area. (Ministry of
Transport, IMOS).

Station  Station Latitude Longitude Altitude
No. Name (Degree) (Degree) (m)
1 Emadiah 37.05N 43.29E 1236
2 Sumeel 36.86N 42.85E 250
3 Rabiah 36.48N 042.06E 382
4 Tel-Afer 36.22N 042.29E 373
5 Sinjar 36.19N 041.50E 476
6 Ducan 36.12N 44.92E 276
7 Zakho 37.08N 042.41E 442
8 Duhook 36.52N 043.00E 276
9 Salahaddin 36.37N 044.13E 1088
10 Mosul 36.19N 043.09E 223
11 Erbeel 36.09N 044.00E 420
12 Makhmoor 35.45N 043.36E 270
13 Sulaimaniya 35.33N 045.27E 853
14 Kirkuk 35.28N 044.24E 331
15 Baiji 34.56N 043.29E 150
16 Tuz 34.53N 044.39E 220
17 Tikrit 34.34N 043.42E 107
18 Ana 34.28N 041.57E 150
19 Al-Kaem 34.23N 041.01E 178
20 Kanagqin 34.18N 045.26E 202
21 Samaraa 34.11IN 043.53E 75
22 Haditha 34.04N 042.22E 140
23 Al-Khalis 33.50N 044.32E 44
24 Heet 33.38N 043.45E 58
25 Ramadi 33.27N 043.9E 48
26 Baghdad 33.14N 044.14E 34
27 Rutbah 33.02N 040.17E 615
28 Karbalaa 32.37N 044.01E 29
29 Kut 32.30N 045.49E 19
30 Hella 32.27N 044.27E 27
31 Kut-Al-Hai 32.10N 046.03E 15
32 Nukaib 32.02N 042.15E 305
33 Najaf 32.01N 44.20E 53
34 Diwaniya 31.59N 044.59E 20
35 Amarah 31.5IN 047.10E 9
36 Semawa 31.18N 045.16E 6
37 Nasiriya 31.05N 046.14E 3
38 Basra 30.34N 047.47E 2
() =M * Z%) + Ay * Z(K) + ooe + Ay * Z(X,) (1)

Where Z(x) is the estimated value at the unknown
location. Z(x)¢ Z(x,)¢ ... Z(x,) are the known values at
the surrounding locations. A;, A,, ... A, are the Kriging
weights assigned to each known value. n is the number
of known points.

The Kriging method was chosen for spatial interpola-
tion because of its strong geostatistical basis and its abil-
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ity to provide accurate predictions in areas where the data
distribution is irregular, such as rainfall. Kriging surpass-
es simpler interpolation algorithms in accuracy by tak-
ing into account the spatial autocorrelation among data
points. This renders it particularly advantageous for ana-
lysing environmental phenomena, where spatial variations
are significant. This method effectively produces smooth,
precise maps of spatial distribution, which are crucial for
environmental investigations requiring accurate visual
representation. According to Katipotoglu (2022), Krig-
ing can assist decrease estimation mistakes by providing
a variance map. This map indicates areas where the data
is less reliable and aids in making more informed judge-
ments regarding data interpretation and analysis.

2.3.2. NDVI

NDVT indicates the size and vigour of vegetation in
a specific location. It is utilised in remote sensing and
Geographic Information Systems (GIS). (Li et al. 2021)
assert that NDVI is calculated using aerial or satellite
imagery to assess plant health and density. NDVI was
first referenced in 1973, coinciding with the development
of near-infrared (NIR) sensors for satellites (Rousta,
2022). The index is determined by the extent to which
green plants reflect near-infrared light and absorb visible
red light (Zhang, 2018). NDVT values range from -1.0 to
1.0. They are determined by calculating the difference
between near-infrared reflectance and red reflectance
relative to the sum of both bands. Negative values typi-
cally indicate snow-covered areas, clouds, or water bod-
ies, while values approaching 1.0 represent dense forest-
ed regions (Muhammad et al., 2023).

NDVI = (NIR — Red) / (NIR + Red) @)

Where RED and NIR (near infrared) are the spec-
tral bands measured in the near infrared and red wave-
bands, respectively. A simple understanding of NDVT val-
ues is that a value greater than 0.6 would indicate healthy
vegetation, and a value less than 0.6 but greater than 0
would indicate unhealthy vegetation. Values less than 0
can be water (Al-Khudhairy and Al-Timimi, 2021). Table
2 represents NDVI value variations according to surface
coverage. Because of its stability, NDVI is an effective
measure of vegetation that allows meaningful compari-
sons of interannual variations in vegetation growth and
activity. The higher these ratios are, the more actively the
plant grows (Al-Mazban, 2023). The territory of Iraq was
defined using satellite imagery based on the administra-
tive boundaries established by IMOS, and the NDVI sat-
ellite pictures were classed use ArcGIS.
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Table 2. The values of the Normalized Difference Vegetation Index
(Mahdi et al., 2024).

Vegetation cover type Categories
Non-existent >0
Low density 0.2-0.0
Medium density 0.7-0.3
Dense 1-0.8

Table 3. Classification of Pearson Coefficient Correlation (Hamad
et al., 2022).

R Correlation level
0.00 No correlation
0.00-0.25 Very weak correlation
0.25-0.50 Enough correlation
0.50-0.75 Strong correlation
0.75-0.99 Very strong correlation
1.00 Perfect correlation

2.3.3. Statical analysis

Two different statistical analysis approaches have
been used. The first is the Pearson correlation coef-
ficient, which is defined as a statistical measure that
expresses the degree and strength of the relationship
between the two variables used in this study. Table 3
shows the classifications of this factor, which will be
adopted to clarify the relationship between the two vari-
ables whose relationship is being studied (Hamad et al.,
2022). The second is a trend line, which is a line drawn
above the highs or below the lows to show the dominant
direction of the data. The more points there are to con-
nect, the stronger the trend line becomes (Al-Jasani and
Abdullah, 2023). A line in charts is used to indicate the
direction of data over a given period. It is plotted on
the graph to illustrate a general trend, which may show
an increase, decrease, or stability in the data (Abdulla,
2019). This line can be used to predict future values.
A trend line can tell if the health of the vegetation is
improving, deteriorating, or remaining constant (Wang
et al., 2020).

2.3.4. Spatial pattern analysis using Moran’s Index (I)

This study employed spatial correlation analysis to
examine the distribution of climate and environmen-
tal variables, determining whether they are clustered,
randomly dispersed, or diverging. The Global Moran’s

Index was employed, a recognized method for assess-
ing the spatial correlation of the values of the studied
phenomenon across several locations. It aids individu-
als in comprehending the distribution of environmental
and meteorological variables, such as precipitation and
vegetation cover, within a region. It can also assist in
determining whether elements are uniformly distributed
within a specific area. It corroborates the results of oth-
er studies, such as elucidating the correlation between
NDVTI and rainfall, and furnishes a scientific foundation
for comprehending the region’s environmental and cli-
matic impacts. This equation (Wang et al., 2020) is uti-
lized to calculate the Moran index:

. YWy (Xi—;() (de?)

= (xx) 3)

I= ZTIL/Vi'

Where I: is the Moran’s index, which measures spa-
tial correlation. n: is the number of geographical loca-
tions (pixels or climate stations). Xi: and Xj are the
values of the variable (such as rainfall or NDVI) at loca-
tions i and j. X is the arithmetic mean of values across
all locations. Wj; is the spatial weight matrix that deter-
mines the relationship between different geographic
locations.

IfI > 0, it shows a clustered pattern with values that
are comparable to one another. If I < 0.05, it suggests
a dispersed pattern with surrounding values differing
from one another. I=0 suggests a random distribution,
which means there is no discernible spatial structure.

2.3.5. Variogram assessment (Model Validation sections)

The variogram model is a statistical model that
describes how spatial values vary with distance. Kriging
uses frequencies to assess the link between geographi-
cally spread points in the field and enhance prediction
accuracy. Kriging results may be erroneous or unreli-
able in the absence of frequency analysis. To confirm the
accuracy of the Kriging model employed in this study, a
frequency analysis was conducted to determine the spa-
tial relationship between points. The empirical frequen-
cies were generated in ArcGIS and then fitted to the
semivariogram model. The frequencies model had the
best match to the data, with extracted values for Nugget,
Range, and Sill aligning with the geographic structure.
The model was cross-validated to ensure the accuracy of
the estimations and the efficacy of Kriging in producing
high-quality maps. The following Fig. 2 incorporates the
steps that were followed in this research.
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Figure 2. Workflow of the adopted methodology for assessing the
spatio-temporal relationship between rainfall and NDVT using GIS
and remote sensing techniques.

3. RESULTS AND DISCUSSION
3.1. Temporal analysis

Fig. 3 illustrates the temporal analysis of NDVI and
rainfall in the study area from 2000 to 2021. The data
demonstrates a clear correlation, showing that years with
lower rainfall levels typically correspond to decreased
NDVI values. This time series is particularly evident in
2008, which stands out as a drought year due to the sig-
nificant decline in both rainfall and NDVI. The values
range between 0.152 (2008) and 0.308 (2019). It can be
seen that most years have low NDVI values, indicating
low vegetation density. The NDVTI increased significant-
ly in 2019 (0.308) and 2020 (0.250), indicating that the
vegetation density in these years was moderate. This may
be the result of favorable environmental factors, such as
increased rainfall or improved weather conditions. The
years with the lowest NDVI values were 2000 (0.11) and
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Figure 4. Monthly Normalized Difference Vegetation Index trends
for the period 2000-2021.

2008 (0.15). During these times, conditions such drought
or little rain are unfavorable for plantation.

Fig. 4 shows how Iraq’s Normalized Difference
Vegetation Index (NDVI) changes monthly from 2000
to 2021. It focuses on January through April, the best
months for plants to thrive. The NDVI has a distinct
seasonal pattern: it goes up during the wet season
(November to April) and down during the dry season
(May to October). NDVI readings are usually highest
between February and April when the weather is best for
growth because it rains more and the temperatures are
moderate. However, Table 4 shows they drop significant-
ly during the summer months (June to August).

The results showed that the vegetation cover changed
significantly during the study period. Perhaps, in addi-
tion to man-made pressures, the main reason is the
natural changes caused by successive droughts. NDVI
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Figure 5. Temporal patterns of rainfall and NDVI for (2000-2021).

values increased over time, especially between 2018 and
2019, reaching 0.35, which may indicate unusually wet
periods or improved vegetation growth conditions dur-
ing those years or new agricultural projects. Converse-
ly, in early years (2000-2010), values appear to follow a
fairly consistent seasonal pattern, while later years show
greater variability, possibly reflecting the effects of cli-
mate change or changes in land management, which may
indicate unusually wet periods or improved vegetation
growth conditions during those years.

Fig. 5 shows the time series of rainfall and the NDVI
during 22 years. It can be observed that there is a correla-
tion between rainfall and NDVI, meaning that as rainfall

increases, NDVI values rise accordingly. It is also evident
that 2018 experienced a significant amount of rainfall, as
the graph displays a substantial increase in rainfall that
year, marking the highest recorded during the speci-
fied period. An increase in rainfall is associated with an
increase in NDVI values, indicating a positive effect of
rainfall on vegetation. It can also be observed that peri-
ods of reduced rainfall coincide with a decrease in the
NDVT index. The results showed that the lowest NDVI
value, 0.152, occurred in 2008. This year marked the dri-
est period, with the lowest recorded rainfall of 165 mm. In
contrast, the highest NDVT value, 0.308, was observed in
2019. This year also had the highest rainfall rate, repre-
senting one of the peak records during the study period.
Fig. 6 shows the Normalized Difference Vegeta-
tion Index (NDVI) values for 38 locations in Iraq. The
total distribution of NDVI demonstrates a definite pat-
tern that reflects Iraq’s prevalent environmental and
climatic effects. The graphic illustrates that the highest
NDVTI values are centered in the northern regions, grad-
ually decreasing towards the center and south. Stations
in the north have high NDVI readings, reaching 0.35.
The northern regions have comparatively significant
rainfall amounts compared to the rest of Iraq, ranging
from 400 to 900 mm annually. Temperatures are lower
than in southern locations, allowing soil moisture to be
retained for longer periods of time. Stations in the cent-
er, on the other hand, show lower values as rainfall rates
gradually decrease to 120 mm per year, diminishing the
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availability of natural water for plant development. The
Tigris and Euphrates rivers sustain vegetation, but urban
growth and seasonal crops lessen natural vegetation den-
sity in these places. The southern sections are classified
as semi-arid to desert, with annual rainfall below 100
mm, which is insufficient to maintain natural vegetation.
High temperatures, which can exceed 50°C in the sum-
mer, cause rapid water evaporation, which limits plant
development. Soils in the southern regions are salinized
and drought-prone due to little rainfall and high evapo-
ration rates, resulting in lower NDVI values. The graph
depicts a strong gradient in NDVT values from north to
south across Iraq, indicating climatic and environmental
differences.

Table 4 summarizes the average values of NDVI and
rainfall for each station for the duration of the study,
providing a nuanced understanding of the dynamic
response of vegetation to rainfall variations. Based on
this table, Emadiah has the highest NDVI value (0.33)
with a mean rainfall of 606.2 mm. This suggests that
areas with dense vegetation are generally associated with
higher rainfall levels. In comparison, Duncan, which has
the highest rainfall (624.41 mm), shows a slightly lower
NDVI value (0.249). This indicates that while rainfall
significantly promotes vegetation growth, NDVT is not
solely dependent on rainfall and can be influenced by
other factors, such as soil type, temperature, and type of
vegetation cover.

3.2. Spatial distribution

Fig. 7 shows a comparison of the Kriging and IDW
methods using scatter plots that show measured data
from remote sensing images (for NDVI) at specific
known locations. The Ordinary Kriging interpolation is
used to make the forecast values for places where there
are no direct measurements. After comparing them,
Kriging was chosen for a variety of reasons. Kriging is a
more complex and in-depth investigation of spatial rela-
tionships that uses advanced interpolation techniques. It
is based on geostatistical analysis, geographical relation-
ships, and spatial variation, which means that spatial
patterns are analyzed in more depth than just interpo-
lated data. Fig. 7 (left) shows that the points are closely
distributed, indicating that the predicted values are very
close to measured values. The relationship between them
is completely linear, indicating that the IDW leads to a
homogeneous interpolation of the data with small vari-
ations. As for Fig. 7 (right), the points follow the main
trend line but with a clear distribution, which means
that kriging shows a more complex response to the data,
as it can handle trends and spatial variations. IDW,
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Table 4. Properties of stations rainfall & NDVI used in this study
for the period (2000-2021).

Station

No. St. name NDVI Rainfall (mm)
1 Emadiah 0.33 606.2
2 Sumeel 0.251 434.23
3 Rabiah 0.243 339.23
4 Tel-Afer 0.164 308.82
5 Sinjar 0.201 331.82
6 Ducan 0.249 624.41
7 Zakho 0.242 526.22
8 Duhook 0.328 487.52
9 Salahaddin 0.281 451.56
10 Mosul 0.244 358.41
11 Erbeel 0.124 392.87
12 Makhmoor 0.137 292.7
13 Sulaimaniya 0.135 595.7
14 Kirkuk 0.154 337.8
15 Baiji 0.193 194.44
16 Tuz 0.149 269.56
17 Tikrit 0.211 162.64
18 Ana 0.114 124.32
19 Al-Kaem 0.125 118.8
20 Kanagqin 0.29 287.51
21 Samaraa 0.26 153.19
22 Haditha 0.103 115.9
23 Al-Khalis 0.253 171.77
24 Heet 0.096 110.47
25 Ramadi 0.256 107.51
26 Baghdad 0.114 120.47
27 Rutbah 0.105 106.13
28 Karbalaa 0.253 90.32
29 Kut 0.153 139.2
30 Hella 0.163 105.72
31 Kut-Al-Hai 0.177 131.11
32 Nukaib 0.126 76.17
33 Najaf 0.185 94.2
34 Diwaniya 0.138 101.95
35 Amarah 0.133 173.63
36 Semawa 0.18 99.12
37 Nasiriya 0.129 119.93
38 Basra 0.141 126.49

although it provides accurate results, does not take into
account spatial relationships, such as location variation.
Kriging shows a greater ability to capture spatial pat-
terns because it is more complex than IDW, and this
allows it to better handle spatial trends. Since this study
looks at differences in space and time and tries to find
out how rainfall and NDVTI are related across Iraq, it is
essential to use a geostatistical method to account for
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Figure 7. Comparison of spatial interpolation methods, (A): IDW and (B): Kriging using predicted vs. measured values analysis for NDVI.

both. Geographic factors, such as terrain, have a sig-
nificant effect on rainfall. NDVI shows how vegetation
responds to available moisture but doesn’t necessar-
ily show how much rain fell. The researchers used the
Kriging interpolation method to better understand how
this relationship changes over space. Kriging is a way to
guess values in locations where we don’t have measure-
ments by using the connections between known data
points. This practice makes it easier to get a fuller and
accurate picture of the variables being researched.

As shown in Fig. 8, the spatial distribution of NDVI
values was analyzed using the semivariogram model to
assess the degree of spatial autocorrelation of vegeta-
tion cover. The semivariogram indicates that the nugget
effect is approximately 0.00347, suggesting a low level of
random variation or measurement error, possibly due to
sensor noise or local-scale heterogeneity not captured
at the resolution used. The partial sill, estimated as
0.00135, reflects the structured spatial variance, where-
as the range of approximately 4.35 degrees denotes the
spatial extent beyond which NDVT values are no longer
spatially correlated. A stable semivariogram model was
fitted to the experimental data, resulting in a reasonable
fit, as evidenced by the alignment of the binned empiri-
cal values with the fitted model curve. The spatial pat-
tern was discovered to be isotropic, meaning that spatial
dependency in NDVI values is consistent in all direc-
tions. These findings indicate the presence of a distinct
spatial structure in NDVI data, hence confirming the
use of geostatistical interpolation techniques such con-

ventional Kriging for spatial prediction. The geographi-
cal dependence seen within the specified range allows
for credible interpolation of vegetation cover in unsam-
pled areas, resulting in more accurate and meaningful
environmental evaluations and land cover monitoring.

In this research, the spatial interpolation of both
rainfall and NDVI was performed using the ordinary
Kriging method, which is widely recognised for its effec-
tiveness in modeling spatial continuity. The spherical
semivariogram model was chosen because it matched
the data’s spatial pattern the best, shown by having the
lowest Root Mean Square Error (RMSE) in the cross-val-
idation process. The semivariogram model parameters
were as follows: Nugget: 0.00347, Sill: 0.00135, Range:
4.3526. These values indicate a moderate spatial depend-
ency among the data points.

Fig. 9 presents the spatial distribution patterns of
both rainfall and NDVI across the study area. These
maps allow for a visual comparison between the two
variables and help identify potential zones where high-
er or lower values might correspond. It offers a spatial
context that supports further statistical analysis of their
relationship. The NDVI map shows that the northern
and eastern parts of Iraq have higher vegetation cover
than the southern and western parts. This distribution
makes sense with the geography since the northern part
contains mountains and a humid environment. Figure
9B shows how rain falls over the country. The northern
and eastern parts of Iraq get more rain than the south-
ern and western parts (Muter et al., 2025). The weather
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Figure 8. Experimental and fitted semi-variogram of NDVI for spatial variability analysis.

of Iraq is like this; however, the northern part has a
humid environment since the mountains are so high. It
looks like the areas with a lot of rain on this map match
up well with the areas with a lot of plants on the NDVI
map. This means that rain is a big part of figuring out
how dense the vegetation is in Iraq.

3.3. Spatial correlation analysis of rainfall and NDVI using
Moran’s Index

The purpose of this analysis is to examine the
regional pattern of rainfall and the NDVI using Moran’s
I, a statistical metric that indicates whether the spatial
values of a given variable are randomly distributed, clus-
tered, or scattered. Fig. 10 illustrates the spatial correla-
tion analysis of both rainfall and NDVT using Moran’s
model. This analysis uses statistical values (Moran’s I,
Z-score, and p-value) to assess whether the spatial dis-
tribution is associated or random. Moran’s I for rainfall
is 0.711, showing significant geographical clustering of

rainfall. The Z-score value of 11.578 indicates that the
spatial distribution of rainfall is not random. The statis-
tical significance level (p-value) was zero, which is a very
low statistical value (<0.01), well below 0.01, confirming
that this clustered pattern is not the result of chance but
rather reflects the influence of climatic and geographi-
cal factors on rainfall distribution in the study area. The
spatial maps reveal a clear grouping of heavy rainfall
and dry areas close together, indicating that climatic sys-
tems have a substantial influence on rainfall distribution.
Rainfall distribution appears to be clustered rather than
random. There is a strong spatial association between
neighbouring values, as stations with high rainfall rates
tend to be close, and stations with low rainfall rates tend
to be close.

This demonstrates the impact of climatic and geo-
graphical conditions. In terms of spatial distribution,
Moran’s I for the NDVI index was 0.175, which is a com-
paratively low value when compared to rainfall, showing
that the natural vegetation index clusters less spatially.
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Figure 9. Spatial pattern of (A): Normalized Difference Vegetation Index and (B) rainfall for (2000-2021).
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Given the z-score of 11.5781043848, there is a less than 1% likelihood that this clustered
pattern could be the result of random chance.

Figure 10. Spatial autocorrelation analysis of rainfall and NDVTI using Moran’s I Index.

The Z-score of 2.528 was low but still within the statis-
tically significant range, showing some clustering but
not as strong as rainfall. The statistical significance level
(p-value) was 0.011460, less than 0.05, indicating that this
clustered pattern is not due to chance. These extra ele-
ments could make it more changeable and less clear than
the rainfall distribution. The NDVI index doesn’t clus-
ter as strongly as rainfall does in space. This is because

other things, like soil type, land use, human involvement,
and artificial irrigation, can alter vegetation cover with-
out affecting rainfall. The Moran’s rainfall index is much
higher than the natural vegetation index, which means
that rainfall is more evenly spread out over space.

The natural vegetation index is more spread out,
which shows the area’s ecological and human activity
diversity. When looking at how climate and vegetation
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Figure 11. (A) represents the annual of correlation, and (B) is spatial distribution of NDVI and rainfall (mm).

cover are associated in the context of environmental and
climate changes, it might be helpful to tell the two dis-
tribution patterns apart. This study helps us learn more
about the link between climate and vegetation cover.
This lets us figure out how climate change affects ecosys-
tems and how to take care of the environment.

Fig. 11A shows the yearly relationship between
NDVI and rainfall. The link between vegetation index
and rainfall depends a lot on how the weather changes
in a certain area and how it affects plant development.
The correlation coefficient between rainfall and the
vegetation index is 0.5. This means that there is a fairly
positive association between the two variables, but it is
not strong enough to be a reliable predictor of how one
variable would behave in respect to the other. Since the
correlation coefficient is positive, this indicates that the
relationship between the two variables is a direct rela-
tionship. That is, when one variable increases, the other
variable is likely to increase as well. Since the dispersion
between values, the relationship between the two vari-
ables is not perfect. This means that in addition to rain-
fall, there are other factors that affect vegetation, such as
temperature, soil quality, and human interventions (such
as agriculture and urbanization).

Figure 11B shows how rainfall and NDVI in Iraq
have changed during the past 22 years. So, this map
shows us how much rain influences plant growth in dif-
ferent parts of Iraq. Over the past ten years, Iraq has

had a lot of droughts and rain that has changed a lot
(Muter et al., 2024). This could change how rainfall and
NDVTI relate to each other in space. There is a good link
between NDVI and rainfall. These places are mostly
in northern Iraq, a hilly region known for heavy rain
and thick vegetation. Areas with more rain have higher
NDVT values, meaning the vegetation cover is denser. It
can be seen how rivers affect NDVI because green spots
occur along riverbanks when there is water. This map
emphasizes the importance of rainfall in determining
vegetation density in Iraq. This map can be used as a
tool for planning water and agricultural resource man-
agement in Iraq. Low values represent areas with a weak
or negative relationship between rainfall and NDVL
These areas are concentrated in the southern and west-
ern regions, where rainfall is lower and the environment
is drier; the relationship between rainfall and NDVI may
be weaker where rainfall is scarce and vegetation cover
is less dense. Negative values may indicate areas where
vegetation thrives in the absence of rainfall, thereby elu-
cidating the reliance on alternative water sources such as
irrigation or groundwater.

From 2000 to 2021, irrigated agriculture grew in
various parts of Iraq, especially in the south. These
actions may have lessened the effect of low rainfall on
NDVI, which could explain why the link between rain-
fall and vegetation is different. The wars and conflicts
that Iraq went through at that time changed the way
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people used land, which changed the vegetation cover.
For instance, the Ducan station, which gets an average
of 624.41 mm of rain and has an NDVI of 0.249, may
be linked to thick vegetation. On the other hand, sta-
tions with minimal rainfall, such Nukhaib (76.17 mm),
had low NDVI values of 0.126. The stations are spread
out over different areas, which means that the amount
of rain and NDVI varies from one area to another. Local
factors including plant habitat, soil, and climate have an
effect on this diversity.

This study effectively elucidates the relationship
between vegetation cover and rainfall across various ter-
rains and climates. Conversely, Al-Hasn (2024) exam-
ines the impact of drought on vegetation cover in arid
regions, providing further insights into environmental
issues in both nations. The little correlation between
rainfall and NDVI in Iraq, in contrast to recent regional
studies (Al-Hasn, 2024), may result from a combination
of environmental, topographical, climatic, and anthro-
pogenic factors. The climate in Iraq is diverse, encom-
passing deserts, semi-arid regions, and agricultural are-
as. The majority of these locations are situated in arid
or semi-arid environments, where vegetation exhibits
minimal responsiveness to rainfall. In arid regions, veg-
etation relies on the moisture present in the soil. Plants
in these regions have adapted to harsh conditions,
hence they have a diminished response to precipita-
tion compared to flora in temperate regions. Rainfall in
Iraq is irregular both spatially and temporally, typically
occurring within a brief duration throughout the winter
and spring seasons.

Human activities such as unsustainable agriculture,
deforestation, and urbanization have weakened the rela-
tionship between NDVI and rainfall. Iraq suffers from a
shortage of freshwater and the reduced flow of its main
rivers (Tigris and Euphrates) due to dams and regional
water policies. The limited availability of surface water
and groundwater makes plants more dependent on these
sources than on rainfall, resulting in a weak relationship
between NDVI and rainfall. The variety of soil types in
Iraq affects the soil’s ability to store and use water. Cli-
mate change and rising temperatures in Iraq are increas-
ing evaporation rates, reducing the impact of rainfall on
soil moisture and plant growth.

4. CONCLUSION

The geographical distribution of sites analyzed in
this study highlights notable differences in rainfall and
NDVI across various regions of Iraq. A positive rela-
tionship is evident between rainfall and NDVI, with a

correlation coeflicient of 0.5, but the relationship is not
perfectly linear, and variations can be seen between
different locations. This indicates that while increased
rainfall generally enhances vegetation abundance and
activity, other factors also influence these variables.
Regions in the north and east, characterized by high-
er rainfall, typically support denser vegetation com-
pared to the drier south and west, a pattern consistent
with Iraq’s geographical reality, where the northern
areas have mountainous terrain and a more humid cli-
mate. The study identified 2018 as an anomalous year,
marked by the heaviest rainfall in recent years, which
sparked further research interest. A lag was observed in
the vegetation’s response to rainfall, as plants require
time to grow following rainfall. There were clear sea-
sonal changes in vegetation. NDVI was highest in
February, March, and April and lowest in the summer
months in June, July, and August. The year with the
least rain was 2008, with an NDVT value of 0.152 and
165 mm. The year with the most rain was 2019, with
an NDVT value of 0.308 and one of the highest rain-
fall rates of the research period. The study also shows
how helpful maps can be for designing farms since they
help farmers find regions where crops grow well based
on how much rain falls there. These maps can also be
helpful in climate change studies since they show how
vegetation and rainfall patterns change over time in
different areas. Also, combining NDVI with RS pro-
vides a cheap way to keep an eye on vegetation cover
in Iraq, which helps with managing natural resources.
Finally, MODIS satellite photos worked well for find-
ing global drought indicators, which made it possible
to figure out how bad a drought was in places without
ground-based measurements.

The amount and distribution of rainfall have big
effects on farming, managing water resources, and plan-
ning for the environment. This is because stations with
more rainfall are more likely to have lush vegetation
and higher agricultural production. In contrast, areas
with lower rainfall may face water scarcity and drought
issues. Rainfall has a distinct clustered spatial pattern
that reflects climatic and geographic effects, with wet
and dry areas clearly converging. However, the NDVI
score has a less defined regional distribution because of
additional natural and anthropogenic influences. The
substantial difference between Moran’s I for rainfall
(0.711) and NDVT (0.175) suggests that rainfall has a
more uniform spatial distribution than vegetation, which
is more variable due to non-climatic variables. It was
observed that rainfall exhibits a more homogeneous spa-
tial pattern, whereas the NDVI is influenced by multiple
factors, resulting in a less uniform spatial pattern.
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Abstract. Recent years have been increasingly characterized by the prevalence of
extreme weather events due to climate change. Among these events, record-high tem-
peratures and extended periods of drought are challenging the conventional viticulture
techniques across many traditional grapevine-producing districts worldwide. The pre-
sent study analyzes the data recorded over 16 years (2008-2023) in Chianti Classico, a
renowned area in Tuscany (Italy) whose economy is based not only on the wine trade
but also on the induced effects generated, such as wine tourism. The analysis corre-
lated the historical climate patterns with the analytical profiles of the grapes at har-
vest. The results highlighted how increasing temperatures lead to an anticipation of the
harvest date and, accordingly, a significant variation in grape chemical characteristics.
This advance is linked mainly to achieving specific sugar concentrations in relation to
the winery’s oenological objectives. As a result, organic acids and the phenolic fraction,
along with their extractability, play a less decisive role and remain uncontrolled, poten-
tially making the transformation process more challenging to manage.

Keywords: grape quality, time series analysis, ripening trends, Growing Degree Days
(GDDs), Sangiovese.

1. INTRODUCTION

The rise in temperatures on land, in the atmosphere, and in the oceans,
combined with the retreating of snow and glaciers, which in turn contribute
to rising sea levels, makes it hard to deny the phenomenon of global warm-
ing (IPCC, 2015). As these changes in the environmental balance challenge
the sustainability of agriculture, valuable crops such as grapevines are not
spared. Climate change, in fact, poses a risk to the cultivation of this plant
in traditional growing areas and to the entire wine sector that depends on
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it (Al-Ghussain, 2019; Aydinalp and Cresser, 2008; Ortiz
et al., 2021; Reidmiller et al., 2018). Vitis vinifera L., with
80 million tonnes produced annually over 7.3 million
Hectares is the third most valuable agricultural product
worldwide (OIV, 2020). Vitis vinifera (L.) is a remark-
ably resilient species, demonstrating impressive adapt-
ability to extremely different climatic conditions (Duch-
éne, 2016). This plant, through human intervention (i.e.,
cultivar and clone selections, grafting, and agricultural
practices), has been shaped over the centuries to thrive
in different environments. The species of the genus Vitis
that are of agricultural interest, thanks to their pheno-
typic plasticity, can be cultivated over a wide range of
latitudes (50 °N to 40 °S), in 93 different countries and
up to altitudes exceeding 3,000 meters (OIV, 2017; Van
Leeuwen et al., 2024).

According to the current predicted possible climat-
ic scenarios, the future is likely to hold a shift in terms
of cultivation areas, with new regions becoming suit-
able for grape cultivation and others potentially at risk
of being abandoned (Cameron et al., 2022; de Cortazar
Atauri et al., 2017; Duchéne and Schneider, 2005; Van
Leeuwen et al., 2019). As the novel climatic conditions
move along the described pattern, grapevine phenol-
ogy is altered, and while the length of the stages tends
to remain constant, an anticipation of their occurrence
is observed. Numerous studies have examined this phe-
nomenon (Koch and Oehl, 2018; Dalla Marta et al.,
2010; Tomasi et al., 2011), correlating climatic data with
vine phenological stages across various production areas
over the years, arriving at similar conclusions. Since the
harvest date is primarily determined by the desired tech-
nological maturity of the grapes, climatic changes have
resulted in an average advancement of 2-3 weeks in most
wine-growing regions compared to past decades.

The current climate change in viticulture also has
a strong impact on the vines’ physiological behavior
during the vegetative season and, consequently, on the
biochemical profile of the grapes (Van Leeuwen & Dar-
riet, 2016). As a matter of fact, the vines spend part of
the hot season under multiple abiotic stresses, with con-
sequent impact on grape quality, as the latter is strictly
linked to the environmental conditions (Drappier et al.,
2019; Jackson and Lombard, 1993). An increased cluster
exposure to solar radiation and a moderate water defi-
cit can be desirable to boost the accumulation of poly-
phenols and aromatic compounds in the berries (Rienth
et al.,, 2021; Van Leeuwen et al.,, 2022; Zarrouk et al,,
2016). On the other hand, the adaptation of the plants to
irregular hot and dry conditions might result in shrunk
canopies and reduced photosynthetic activity, associated
with withered clusters, possible sunburn damage and
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altered grape’s analytical profile (Cataldo et al., 2023; De
Orduna, 2010; De Rességuier et al., 2023; Keller et al,,
2016; Rustioni et al., 2023; Scholasch and Rienth, 2019).
In particular, the worst effects of extended exposure of
grapes to intense solar radiation and heat are lower acid-
ic profiles, increased sugar accumulation (resulting in
higher alcoholic content), and a general decoupling of
phenological and technological maturity (Arrizabalaga et
al., 2018; Kliewer, 1977; Mori et al., 2007).

Indeed, anthocyanins and sugar accumulation are
closely linked during the early stages of ripening, but
when the temperature gets over 35 °C, a significant slow-
down in the biosynthesis of phenolic substances is often
observed (Bergqvist et al., 2001; Gambetta and Kurtural,
2021; Pastore et al., 2017; Spayd et al., 2002). In most
cases, when clusters are under intense heat, a delay in
the onset of anthocyanin accumulation occurs, but once
started, the rate of anthocyanin synthesis and accu-
mulation remains constant (Sadras and Moran, 2012).
Because of these unbalanced metabolic processes, when
berries are long exposed to extreme temperatures, visible
differences in berry size and color may be observed on
the opposite sides of the clusters (Castellarin (a), et al.,
2007; Castellarin (b), et al., 2007; Herndndez-Montes et
al., 2021). As the water stress reaches a specific thresh-
old, the plant closes its leaf stomata to prevent damage
from excessive water losses, consequently limiting the
CO, intake and the photosynthetic activity (Flexas et
al.,, 1998; Medrano et al., 2003). As this occurs, sugar
accumulation in berries is also impaired (Intrigliolo and
Castel, 2010). However, under these conditions, berry
growth is severely restricted as well, resulting musts
display higher total final sugar concentration (Dai et
al., 2009; Gambetta et al., 2020) due to a reduced berry
weight. In this condition, to compensate for the energy
deficit the plant speeds up the malate metabolism, caus-
ing a consumption of malic acid as fuel for the cells. As
this happens, total acidity decreases, and pH rises in the
musts at harvest (Hewitt et al., 2023; Sweetman et al.,
2009; Van Leeuwen et al., 2009). Finally, water deficit
may also advance the onset of sugar accumulationGiven
the complex responses of Vitis vinifera at both plant and
fruit levels, accurately assessing future possible scenarios
for growing regions is crucial for planning mitigation
strategies, as grape and wine production often represent
the foundation of many agricultural communities. This
study focuses on the shifts in grapevine ripening timing
over the past 16 years in Chianti Classico, a key Italian
wine district producing an average of 36 million bottles
per year and valued at over 1 billion euros (Nesto and
Di Savino, 2016). Focusing on Sangiovese, the Tuscan
most emblematic variety, this research aims to assess
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the impact of rising temperatures on harvest timing and
grape quality. By analyzing climatic trends, the findings
will provide insights into preserving the distinctive char-
acteristics of Sangiovese and suggest adaptive strategies
for sustainable viticulture and enhanced wine produc-
tion in this prestigious wine-growing area.

2. MATERIALS AND METHODS
2.1. Vineyard conditions

The study was carried out in the Chianti Classi-
co district (Tuscany, Italy), in a 22 ha vineyard (43 ° 23
©02 “N, 11 ° 26 “ 04 “E, 320 meters a.s.l.) of Sangiovese
(grafted on 110 Richter rootstock), over a 16-year peri-
od, from 2008 to 2023. The vineyard is located at the
Barone Ricasoli Farm, the largest winery of the Chianti
Classico district, having 240 ha of vineyards, displaying
the pedological and climatological characteristics best
suited for quality wine production. The farm has under-
gone several studies over the years, resulting in the crea-
tion of a zoning map. Moreover, the vineyard selected is
the one closest to the weather control unit and has also
been zoned, ensuring that all its soil characteristics are
well-documented. The vines of the experimental vine-
yard are spaced 2.00 m between and 0.80 m within the
rows, with parallel NW - SE orientation and an average
6 ° slope. The vines are trained on a vertical shoot posi-
tioned trellis, with spur cordon pruning (2 buds per spur,
4 spurs per vine). The soil has a clay-loam texture with
high stoniness (up to 40 % limestone fragments) and a
high calcium carbonate content (20-30 %). It has moder-
ate water retention capacity, fast internal drainage due to
rock fragments, low organic matter and nitrogen content,
and a pH of 8.1-8.3. According to WRB classification, it is
a Skeletic Calcaric Cambisol (Costantini, 2013).

2.2. Weather data

The area has a predominantly temperate climate
with hot-dry summer (Peel et al., 2007), characterized by
wet winters and dry summers, with temperatures rang-
ing from warm to extremely hot. During the growing

seasons from 2008 to 2023, climate data were collected
using an automated control unit (METOS ° by Pessl
Instruments) located near the experimental vineyard.
The parameters measured included daily maximum tem-
perature (°C), daily average temperature (°C), daily min-
imum temperature (°C), and daily precipitation (mm),
covering the period from April 1 to October 31, the con-
ventional growing season for vines. Based on this data,
the Growing Degree Days (GDDs) were calculated using
the method described by (Winkler, 1974), with a temper-
ature threshold of 10 °C. Essentially, GDDs represent the
cumulative daily temperatures above a certain threshold
that support active vine growth during the vegetative
season. For each year, the focus was set on the growing
period leading up to the Day Of Harvest (DOH, accord-
ing to the Day-of-year calendar), assessing the GDDs
from April 1 to the DOH, which varies in each single
vintage (Table 1).

2.3. Grape maturity parameters

Every year, at DOH, 15 samples constituted of 200
berries each were randomly collected in the experimen-
tal vineyard and screened to assess the analytical param-
eters of the grape. Half of the berries were manually
pressed, and the obtained juice was analyzed to assess
the technological parameters: reducing sugars, pH, and
total acidity. Analyses were directly performed on the fil-
tered must samples using Fourier Transform Near-Infra-
red Spectrometry (FT-NIR) with the WineScan FT 120
system (Foss Italia S.r.l, Italy). All the above-mentioned
parameters need to fall into specific ranges dictated by
the Chianti Classico D.O.C.G. production regulations, in
order to the wine to present the typical sensorial profile
and claim the appellation. The second half of the sam-
ples were analyzed as described by Ribéreau-Gayon et
al. (1965) and Saint Cricq de Gaulejac et al. (1998) to
determine phenolic maturity indices: Total Anthocya-
nins, Extractable Anthocyanins, and the Cellular Matu-
rity Index. All these indices are related to the phenolic
composition of the wines allow to evaluate both their
quantity and color. In detail, Total Anthocyanins are
obtained by analyzing an extract prepared with a highly
acidic buffer (pH 1.00) and represent the total anthocya-

Table 1. Harvest day expressed as day of the year (DOH) and reported as conventional month and day, for the period of the years 2008-

2023.
Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
DOH 276 268 271 264 276 269 273 260 268 264 269 269 261 265 257 262

10/02  09/25 09/28 09/21

10/02  09/26 09/30 09/17 09/24 09/21

09/26  09/26 09/17 09/22 09/14 09/19
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nin content in the berries, expressed in mg/L of must.
Extractable Anthocyanins, also expressed in mg/L of
must, refer to the amount of anthocyanins measured in
an extract obtained with a buffer at pH 3.20, similar to
that of the wine. This fraction represents the bulk of pig-
ments that are subject to the technological winemaking
process. The Cellular Maturity Index reflects the ability
of the berry skin to release anthocyanins and was deter-
mined using the following ratio:

Total Anthocyanins—ExtractableAnthocyanins % 100
TotalAnthocyanins

Cellmaturityindez(%) =

Given the structure of the formula, lower index values
correspond to a higher proportion of extractable anthocy-
anins, indicating a more advanced maturity stage.

2.4. Data analysis

The data collected and organized were analysed
using the R program (R Core Team, 2023, https://
www.R-project.org/) inside RStudio environmental.
To evaluate the interactions between both weather and
oenological parameters, a statistical analysis was per-
formed using Pearson correlation coefficient (r) and
evaluated its p-value. These two values together allow
to understand how strong the relationship between two
variables is, and whether it is statistically significant.
These statistical results are shown within the graphs
developed through the graphical tool ggplot2 (Wickham
and Wickham, 2016).

3. RESULTS

3.1. Weather conditions

The data processed from the weather station (Table
2) between April 1 and October 31 in 2008-2023 shown
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an average GDDs accumulation of 1907. The year with
the lowest GDDs was 2010, with a total of 1605, while
the highest was recorded in 2022, with 2136 GDDs.
Over the same period, rainfall averaged 414 mm, with
the lowest amount of water fed occurring in 2011 at 213
mm and the highest in 2016 at 586 mm. Events of tem-
peratures dropping below 0 °C after 1% April (after bud
burst) occurred in the following years: 2012 (2 days),
2015 (2 days), 2017 (2 days), 2020 (3 days), 2021 (4 days),
2022 (5 days), and 2023 (3 days), with all occurrences
happening in the first half of April. The increasing fre-
quency of late frosts after 1°* April could increased the
risk of damage to the newly sprouted vegetation. Addi-
tionally, GDDs data processed specifically from April to
harvest day, revealed an average GDDs accumulation of
1692. Lowest annual GDDs over the years occurred in
2010 (1501 GDDs), and the highest was in 2017 (1842
GDDs). Mean precipitation for this period was 301 mm,
with the lowest value in 2020 and the highest in 2010
with 135 mm 450 mm respectively. An additional metric
of interest for long-term grape analysis was the frequen-
cy of days with temperatures exceeding 35 °C, which
averaged 17 days per year.

As shown in Figure 1, the correlation between the
year and the GDDs from April to October (r =0.71,
p-value < 0.01), suggested that, over the years, there had
been a significant increase in the heat units accumulated
during the growing season. With the rise in tempera-
tures over the years, a direct correlation was observed
between the year and the number of days with tempera-
tures exceeding 35 °C (r =0.56, p-value < 0.05). The sig-
nificant correlation between the year and the DOH was
explained by the fact that as the years progressed, the
harvest dates occured in advance (r =-0.65, p-value <
0.01), indicating a significant tendency. Despite the pro-
gressively earlier harvest, which reduced the number of
days from April 1 to harvest, GDDs at DOH continued
to increase (r = 0.49, p-value > 0.05).

Table 2. Climate parameters 2008 - 2023. Growing Degree Days (GDDs) from April 1 to October 31, and from April 1 to the DOH; Rain-
fall (mm) from April 1 to October 31, and from April 1 to the DOH; Yearly number of days with maximum temperatures exceeding 35 °C

(T max > 35 °C).

Year

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 Average

GDDs from 1 April to 31 October
Rainfall (mm) from 1 April to 31
October

GDDs from April to DOH

Rainfall (mm) from April to DOH
Yearly number of days Tmax > 35 °C
Yearly number of days Tmin < 0 °C

1763 1883 1605 1880 1917 1749 1748 1959 1877 2064 2076 1975 1913 1904 2136 2070 1907
476 411 523 213 474 539 399 429 586 421 417 325 261 219 477 460 414

1600 1715 1501 1663 1758 1545 1555 1731 1685 1842 1831 1746 1714 1694 1831 1666 1692
393 316 450 157 308 304 382 273 435 408 345 247 135 181 199 282 301
9 13 1 12 23 6 0 25 340 7 21 19 20 37 31 17
0 0 0 0 2 0 0 5 0 2 0 0 3 4 5 3 1.5



https://www.R-project.org/
https://www.R-project.org/

Impact of climate change effects on grapevine through a multi-year analysis in the Chianti Classico Area (Italy) 99

A p-value: < 0.01 r=0.71 B p-value: < 0.05 r = 0.56

40
[ wy
3 < R
o
o >
o
& 2000 ) _// g30 )
2 = 7
= ' £ e
&‘_ . . . 'g 20 - :
£ - 2 7
5 1800 . E L
£ . .. = -
a B0 . -
9 = - .
[T £ .
y = 21.17x +(-40753) E y = 1.48x +(-2956)
1600 - 2 0 -
2008 2012 2016 2020 2008 2012 2016 2020
Year Year
C p-value: <0.01 r=-0.65 D p-value: < 0.05 r=0.49
275{ ’ - )
& 1800
™~ E —
ey - . -
270 S -
N - ~
T . = 1700 e
o) " . o -
a . < L
265 -t = -
. |5 -
'\\\, £ 1600
260 8 .
y = -0.76x +1790 o y = 10.66x +(-19802)
1500 +
2008 2012 2018 2020 2008 2012 2016 2020
Year Year

Figure 1. Relationship among Year with Growing Degree Days
(GDDs) from April to October (A), number of days with Tempera-
ture max > 35 °C (B), day of harvest (DOH) (C) and GDDs from
April to harvest (D).

3.2. Berry composition

As shown in Table 3, the oenological parameters
obtained from grape samples collected at the DOH pre-
sented the following average values: reducing sugars,
234 g/L; pH, 3.27; and total acidity, 6.57 g/L. The year
2011 exhibited notably high levels of reducing sugars
and low pH values, while 2016 and 2020 showed high
levels of both sugars and pH. In contrast, the 2014 sea-
son recorded the lowest mean sugar concentration (209
g/L) and pH (3.13), along with the highest total acidity
value (8.30 g/L). On the contrary, the lowest total acidity
(5.20 g/L) was observed in 2020. Total Anthocyanin lev-
els averaged 1093 mg/L, while Extractable Anthocyanins
averaged 644 mg/L, resulting in a mean extractability of
41 %. Significant variations in anthocyanin levels were
observed, with the higher concentrations noted in 2011,
2016, and 2020, while the lower levels were recorded in
2012, 2014, and 2017.

In Figure 2, although the correlation between reduc-
ing sugars and DOH was not statistically significant (p
value = 0.07), it emerged that reducing sugars decreased
as DOH increased, with a near-significant trend. The
reducing sugars shown no statistically significant corre-
lations with the other variables considered. A significant
negative correlation was found between total acidity and
GDDs (r = -0.62, p-value <0.05). For pH, both a positive

trend over the years (r = 0.64, p-value <0.01) and with
the GDDs (r = 0.55, p-value <0.05) are observed, while a
significant negative correlation was found with DOH (r
=-0.50, p-value <0.05).

As illustrated in Figure 3, there was no correlation
among Total Anthocyanins and the other parameters
considered. Anyway, the extractable anthocyanins pre-
sented a significant correlation only with the DOH (r
= -0.57, p-value <0.05), showing a decrease as this vari-
able increased and indicating that a later harvest reduced
the amount of Extractable Anthocyanins. Despite these
results, a significant correlation was found between the
Cell Maturity Index and DOH (r = 0.51, p-value <0.05),
showing an increase with later harvest dates and decreas-
ing GDDs at harvest (r = -0.52, p-value <0.05). This indi-
cated that a late harvest promoted higher cellular matura-
tion, while greater heat accumulation could reduce it.

4. DISCUSSION

The increasing frequency of enduring high temper-
atures and heat waves determines a growing economic
impact on cultivated species, including Vitis vinifera..
In the area of investigation, Chianti Classico, a lead-
ing wine-growing district in the Italian panorama, the
impact on grape quality (reducing sugar, acidity, pH,
anthocyanins) in Sangiovese (the main black-berried
cultivar in Italy) was evaluated over 16 consecutive
growing seasons, from 2008 to 2023. The study here
proposed helps to define what the possible future sce-
narios might be. Results highlight a significant rise in
temperatures during the considered growing seasons
(GDDs from April 1%t to October 31'"), with an aver-
age of 1649 GDDs from 2008 to 2012, leading to a 8
days advance in the harvest date compared to the peri-
od from 2019 to 2023, which had an average of 1729
GDDs. Along with the correlation between years and
the increase in GDDs, there is an increase in days with
extreme temperatures (>35 °C). To counter this trend,
harvest is increasingly anticipated, which helps main-
tain relatively constant levels of total soluble solids and
total phenolics at harvest. On the other hand, late frosts
became more frequent after the 1% April , hence, late
pruning was carried out to delay the vegetative awak-
ening of the vines, without significantly compromising
yield or grape quality (Poni et al., 2022).

Despite, GDDs show a tendency to continue to
increase at DOH. This finds justification on the fact
that temperature has a controversial effect on plant and
cluster’s metabolism, where sugar and organic acids are
both subject to anabolic and catabolic processes accord-
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Table 3. Oenological parameters measured in the grape samples collected from 2008 to 2023. Reducing sugars (g/L), pH, Total acidity (g/L
tartaric acid), Total Anthocyanins (mg/L), Extractable Anthocyanins (mg/L), and Cell Maturity Index (%).

Y Reducing sugars Total acidity (g/L Total Anthocyanins Extractab%e Cell Maturity Index
e (g/L) pH tartaric acid) (mg/L) Anthocyanins (%)
5 5 (mg/L)
2008 220 3.20 7.20 1162 516 56
2009 219 3.19 6.30 1199 613 49
2010 235 3.20 6.94 1059 643 45
2011 252 3.21 6.60 1289 891 31
2012 223 3.28 5.98 736 426 42
2013 228 3.22 6.87 1129 585 48
2014 210 3.13 8.30 817 478 41
2015 230 3.26 7.08 1002 659 34
2016 252 3.42 5.74 1583 873 45
2017 251 3.23 6.59 754 593 21
2018 243 3.37 6.49 1123 698 38
2019 238 3.30 6.37 933 565 39
2020 261 341 6.41 1359 842 38
2021 232 3.21 6.21 1066 557 48
2022 234 3.46 5.20 1140 678 40
2023 225 3.34 6.92 1112 689 38
Average 235 3.27 6.57 1093 644 41

ingly to the temperature’s range. Sugar accumulation
is indeed most efficient in the range of 22 - 28 °C but
comes to a complete stop when 35 °C is reached (Kel-
ler, 2020). Grapes directly exposed to extreme heat and
solar radiation may experience a blockage in sugar
accumulation, although berries in the shade remain
active (Kliewer and Lider, 1968). In general, extreme
heat interrupts ripening, slows physiological processes
and extends the time required to reach maturity. Ris-
ing GDDs at DOH, combined with heat-induced inter-
ruptions, complicate ripening management by increas-
ing thermal accumulation during the growing period,
disrupting the balance between metabolic and ripening
processes. Reducing sugars remain the main decision
parameter to start the harvest, as supported by the rela-
tively constant levels over time. This decision, however,
often comes at the expense of other analytical param-
eters of the grapes.

For the above-described earlier occurrence of the
date of harvest, a reduction of the total acidity meas-
ured on must is observed, when compared with GDDs at
DOH. Also measured a higher pH as sun-exposed ber-
ries tend to have a significantly lower amount of malate
(Kliewer and Lider, 1968; Reynolds et al., 1986). This
phenomenon is likely to be caused by the reduced photo-
chemical activity of the plants under heat stress, and the
consequent use of malic acid as a source of energy by the
plant (Ribéreau-Gayon et al., 2021). These increasing pH

levels in the berries are likely to rise further, with poten-
tial impacts on the typicity of the final wine, as the num-
ber of extreme-heat-days continue to grow.

Concerning total anthocyanins in the musts, final
concentrations have shown to remain relatively sta-
ble. Is indeed acquired that intense heat may decou-
ple the onset of phenolics and sugar accumulation but,
once started, phenolics synthesis might catch up. The
lack of association between the total anthocyanin con-
tents and the other parameters detected can be there-
fore explained by the fact that total phenolic substances
are influenced more by genetics rather than by climate
except in the case of prohibitive environmental condi-
tions. This fact is supported by other authors who have
correlated the phenological stages to a constant amount
of GDDs in different grape cultivars (Zapata et al.,
2015). In this respect, it was significant to observe that
the general trend of grapes harvested earlier produced
musts with higher amounts of extractable phenolic
compounds due to the possible effects of the intense
heat and light exposure on berry tissues. Anthocyanin
production peaks at an optimal berry temperature of
approximately 30 °C but declines when temperatures
exceed 35 °C (Kliewer, 1977; Spayd et al., 2002). Pro-
longed exposure to excessive heat and excessive light
radiation can induce oxidative stress, which not only
inhibits anthocyanin synthesis but also contributes to
its degradation (Mori et al., 2007). The Cell Maturity
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Figure 2. Relationship among reducing sugars (g/L) with year (A day of harvest (DOH) (B), and Growing Degree Days (GDDs) (C) from
April to harvest, among total acidity (g/L tartaric acid) with year (D), DOH (E), and GDDs from April to Harvest (F) and among pH with
year (G), DOH (H) and GDDs from April to harvest (J).

Index confirms that the percentage of extractable antho-
cyanins is higher in the grapes harvested earlier. More-

over, the significant correlation between GDDs to har-
vest highlights the influence of climate on grape matu-
rity. This supports the observation that warmer condi-
tions during the vegetative growth phase led to higher

extractable anthocyanin percentages.

5. CONCLUSION

The data collected over a prolonged period, 16 years
(2008 - 2023), analyzed in this study allow us to conclude
that there is evidence of an overall increase in tempera-
tures during the grapevine growing season, leading, in gen-

eral, to an earlier harvest date within every year. Events of
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extreme heat are also occurring with increasing frequency.
Sugar level remains the main factor in determining the har-
vest day for a winery, while total acidity has been decreas-
ing over the years. While the grape total anthocyanin con-
tent has not significantly changed over time, the concentra-
tions of extractable anthocyanins increased, likely due to
the grapes experiencing more thermal stress.

Advance the harvest impacts the balance of sugars,
acidity, and aromas, altering the wines’ flavour profile,
and at the same time, it brings on logistical and eco-
nomic challenges, such as managing seasonal labour and
adapting production cycles.

Although the advancement of the harvest in
response to the accelerated plant’s metabolism is main-
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ly driven by the need to maintain constant the sugar
level, to predict a future scenario remains difficult as
extreme-heat-days are also occurring more frequently.
As plant physiological processes are an articulated sys-
tem, and different metabolic pathways get involved in
response to combined stresses, is rightful to assume, as
one of the possible scenarios, that extreme heat events
may prevent further advancements delaying the ripen-
ing by halting photochemical activity. This underscores
the complex relationship between climate change and
agricultural practices, emphasizing the need for sustain-
able farming methods (e.g., optimized irrigation, canopy
management, shading nets, reflective clays) and ongoing
research to address these challenges while preserving the
wine sector’s quality and stability.
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