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Understanding and quantifying the impacts of droughts is a major challenge given by the complex and
contextual nature of droughts. This work reports the recent advancememdetiing the direcand indirect
impacts of droughts on food, urban and energy sectors, and ecosy&terastivities are designed to cover

all the impacts related to food, ecosystems, urban and energy sector in a diverse set of case studies. The case
studies cover a diverse set of ssalhydroclimatic and soceconomic conditions from the North to the

South of Italy. The case studies include the Po, Adige and Arno basins, the whole Sardinia region, the
Venetianlagoon,and the perurban area of Palerm®dhe types of impact analysipan from observation

data collection (e.g. section 4.1.1), agsadrological modelling (e.g. section®4., 42.3, and 2.4) indices
based assessmeifesg. 43.1). In addition to impact analysis on individual sectors, multi and esesworal
studieswere conducted in the Po amkfno River. Case studies of Southern Italy focus particularly on

impacts on urban watsupply(4.2.11) sinceit is a major concern in present and future drought conditions.
Within each case study, the complexity and diversitmethods and approaches varies depending on the
local complexity of socieconomic and environmental conditions. For example, for the Po basin, the tested
methods include a range of waterstsedle agrdhydrological models and machine learning techniques,

while for the Palermo perrban case, Hield experiment othe impact of drought and fire conditions

together with watesupply modeling suits for the urban component
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Objective

This work aims at improving the understanding of past and current drought impacts in the Italian Alps by
collecting unconventional data (e.g., newspaper articles and blogposts) on drought events and related impacts
into a dataset. In particular, we aim at:

1. collecting news from Google News (open access source)
2. enrich the collected data though classification and filtering procedures
3. retaining a broader spectrum of information that can serve natural and social science applications

Methodology

Our methodology is composed of two main phases: data collection and data filtering. Within data collection,
we tested an initial data scraping which was then refined aiming to collect the largest number of news. For
the filtering phase, we first defined tfeur main criteria for making a news relevant by creating a set of
guidelines for a replicable evaluation by both humans and linguistic models. Finally, we applied the set of
guidelines using gpto to classify news according to the relevance criteria imusomated way.

Workflow design and overview
We initially designed a comprehensive methodological workflow to describe the different phases needed to

achieve the abovmentioned objectives. The workflow goes from the data collection to filtpriocedure,

the extraction of locations and classification for the impacted sectors (Figure 1). For each of the main phase,
we also detailed the intermediate steps and specific actions needgihésels) as well as the underlying
questions guiding the sgéc activities. Due to the available time and as an initial adopting an incremental
approach to achieve the full objectives, the work described in this deliverable focuses only on the first two
phases of the overall workflow (coloured in red in Figure 1).
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Figure 1 Developed workflow for the creation of a drought impact dataset (red boxes are those addressed in
this deliverable)

Data collection

Initial data scraping

The collection of data was carried out by developing a script in R to automaswafye information from
Google News on a weekly base.

In order to obtain more numerous and relevant results, the choice of keywords (to enter in Google queries to
then download respective results) fell on

1. words referring to the possible drougtemaged seors, terms belonging to the semantic and
conceptual area of drought and impact types identified by standard literature,

2. keywords with spatial mar kers identifying the
Liguria, Lombardia, Trentind\lto Adige and FriukVenezia Giulia)

with keywords covering a wide range of seemonomic sectors were selected based on the experience
developed in Madruga De Brito et al., (2020) and Stahl et al., (2016).

By doing so, the resulting information extractedthig procedure were: the title of the newspaper article, the
publication time, the url of the news, the news body text and the keywords used.
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Data scraping improvements
Given the limited results provided by Google News for each query (up to 100 news), the following activities
aimed at improving the number of scraped data. @rmen, (2016) reported that when collecting data from
Google News, three components play a major, ridenely: keywords, time, and location of the search.
While keywords were selected based on the existing literature and previous attempt to classify sectors and
impacts of drought, with respect to time variable, the chosen methodology consisted ingepeatsearch
several times and cyclically every week to build up a reliable history of news articles.
The more operational part focused on the location. In this case, we tested the effects of the address from
which the search is made in terms of nuntiferollected news by repeating queries with the same keywords
from different IP addresses using a VPN (Bolzlmse, Rome, Palermo, Milan) and comparing the results.
We hence considered different cases to compare how changing the IP address woule affecbén of
news resulting from three types of keyword combinations:

1. basic: wusing Asiccit”"0 (drought) as a keyword;

2. containing specific geographical references: using fisiccit’”™+trent
fisiccit” " +alto+adiged (drought+alto+adige);

3. with references to an affected sector and containing geographical reference: using
fiscarsit”"+idrica+al pi 0 (water+scarcity+alps) e fAdanni+siccit”™+agr
(damage+drought+agriculture+alps).

Data filtering
Once data was scraped from Google News, we aahedly keeping relevant items filtered in an automated
way by using Natural Language Processing techniques.
To do so, we implemented a first standard operatigarobval of identical duplicatesy comparing each
row in the collected data by their uiitj¢ and date, and discarding those news with the same values for these
three variables.
For those retained data, the following task involved the detectispanfi(i.e., news not about droughts)d
theclassification of newselevance
In this case, as emtioned, filtering is mainly about determining what to define as relevant news, building a
spam/relevance grading scale, assigning relevance values to each piece of news and discard irrelevant news,
in an automated way.

Relevance attribution
The attributon of a relevance level (which below a certain threshold qualifies the news as spam) is here
treated as a problem of multiple binary classifications. The assessment of relevance addresses the question
6how close is each newsghto iampaatts td.e Itral ka mtgi @abloaut, dwew approached t|
question breaking it down into four progressive binary criteria:

1. Checking if the text body actually contains text (fAbodyo)

2. Checking if the news text refer to droughts (fAdrought 0)

3. Checkingifthens generically referring to drought i mpacts (fAi mpact/ gener
4. Checking if the news specificapeéyi fiece@yring to drought i mpacts (A

By doing so, we aim to attribute a score (0/1, as for no/yes) for each criterion (binary classifier) to each
news. The target dataset is therefore structured as illustrated in Figure 2, with the columns in black
containing the information available petsssifications of relevance, and the columns in red corresponding
to the four criteria of relevance (in this case binary classifiers: presence/absence of body of text,
presence/absence of drought topic in news text, presence/absence of general mentighttanppacts, and
presence/absence of specific details on drought impacts).



Title

Time

Finanziato

NextGenerationEU

Link

Keywords

dall'Unione europea

(f % Ministero
A i dell’Universita
“Zg> edella Ricerca

Text body drought

l -'l Italiadomani

FAND HAZIONALE
DI RIFRESA E RESILIENZA

impact-general

impact-specific

Figure 2 drought news dataset schema with base fields (black columns) and fields corresponding to the
spam/relevance classifiers (columns in red).
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characteristics of the four criteria (body, drought, impact generic and impact specific) and (ii) the rule to
apply for a news text to be assigned into one or the other binary value. The document was developed and

hence used as an instruction track for manual classification and later on for automatic machine classification

(a graphic version of it is reported ifghre 3). To validate the criteria, two people manually annotated a
subset of 50 news randomly sampled from the original dataset, autonomously and exclusively basing their
judgement on the instructions described in the guidelines. This procedure waslltivead by a comparison

phase based on the analysis of the cases that, despite the same instructions, had been categorized differently.

This process, useful to validate the classification indications, also resulted in a manually annotated and
validated daset, resulting, disambiguated disagreement cases, from the synthesis of the two annotations.

This dataset was then used as a reference/gold standard to assess the annotation capacity of models used to

automate the classification process.
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location-gen'0 end

Figure 3 Infographic displaying instructions for the manual annotation of news items, contained in the
guidelines. The flowchart reproduces the chain of steps and criteria to assign the labels. In addition, since
the chart was developed having in mind to also ppi@geographic attributes, the righiand side of the

graph refers to phases related to these (this latter not included in the work here reported).
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Reference dataset description
The annotated dataset/gold standard resulting from this procedure apptareasn Table 1 below, with
each row corresponding to a news item and each column to one of its distinguishing features, either already
recorded at the collection stage (first 5 columns, black in Figure 2) or recorded now through manual
annotation (last 4olumns, red in Figure 2) in filtering stage.
Table 1 displays a subset of 5 examples out of the 50 randomly drawn items that make up the whole sample.
The text body of the article is thus reported along with its title, publication date, link, and ther ey
which it was searched. In addition to this characterizing information, by manual annotation we added binary
labels to the newly created fields of body, drought, general and specific impact.

Table 1 The table shows five news examples belongitigetoeference dataset, ha@adinotated for the

columns body, drought, impact general and impact specific. The labels are shown in red if the value is 0, in
green if 1 (red to emphasize that the 0 label indicates the absence of body/drought/impacts, werdaic

green signals presence). Highlighted in gray is the one row that has zero in both body and drought, thus
qualifying the news item as spam and to be discarded.

impact- impact-
Title Time Link Keywords Text bod! drought
o eh general specific
Maltempo in Lombardia: https:/fit.blastingnew leiccita. pascoli Ingenti, secondo un
45 |temperali, grandine e n.. 27.07.22  |s.com/cronaca/2022/0 P . comunicato della 1 1
Provincia, di, Trento .
7/mi... Coldirett...
[Trentino-Alto Adige, frane, https:/fwww ilfattoqu y . Allagamentiin alberghi e
td Alt 1 4
46 [fango e torrenti .. 05.08.22 |otidiano.it/2022/08/0 i‘:' L naviER A e private a Mazzi.. 1 1 0 0
5/tr. e
IClima anomalo, Fautunno https:/fwww.genova2 '\n\n Rispetto all'anna
47 non riempieilaghid... 231222  |4.it/2022/12/clima-  |danni, siccitd, Liguri  |scorso &... 1 1 0 0
lanomalo-
Siccita invigna:la https://news google c danni, sicalth 'We use cookies and data
48 preoccupazione  grande. .| 210622  |om/farticles/https://fw ’ N to If you choose to "A... 0 0 0 0
agricoltura, Veneto
Jww.g..
Meve, i dati choc: nel 2023 - https:/fwww corrierei| Abbiamo scollegato in
[siceitd, Val, d'Aosta, 4 1
49 63% sulla median.. 15.03.23  [t/cronache/23_marzo laini C " |automatico a tua 1 1 0 0
| 15/n... P preced..

Automatic classification with gpt-40

The procedure to automatically assign the relevance labels to each of the many news items collected involves
the use of a natural language processing algorithm. In particular, we here implemented Large Language
Models for text classification, adapting OpérGPT-40 to attribute relevance levels to news through the use

of different prompts.

This procedure involved using the GB® model as a multiple binary classifier for target textual data on

drought. In addition, we tested whether the wording and cooteéhe prompt used to describe each task to
GPT-40 had any impact on its ability to complete the task. The results of different prompt configurations

were compared through performance metrics.

By multiple binary classifier we refer to a model capablessfgning to the news item either 0 or 1 with

reference to the four categories of interest in section 2.3.1.

Model and experimental setting

The model used for the classifications is GRI(Generative Pre r ai ned Tr ansf or mer 4,
advancedrersion of the forthcoming release) a multimodal large language model created by OpenAl. GPT
40 was deployed in Python, used through the OpenAl API and adapted to the task with a textual prompt
containing task description and instructions. The model walgedpon the same set of data (50, randomly
selected) within three different scenarios, namely supplying the model with three different prompts:
1. one containing only the classification instructions without examples, corresponding to tisbatero
promptingscenario (base, reported in Figure 4);
2. one combining the instructions with an example of a news item accompanied by its correct
classification (oneshot prompting scenario);
3. one associating the prompts with 4 examples of correctly classified newsh@eprompting
scenario).
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Figure 4 Base case prompt reporting task description and classification instructions.

Prompts were selected with the following criteria:
1. the base promptdés instructions ar e dassfitaionct ured synthetic version
guidelines (Figure 4 in the SCHEMA section). The prompt contains the request for the 4
classifications explained above, the results of which, organized in Json format (chosen for
convenience of access and data transfer) constitute theddestpeit; the organization of the text
follows a logical structure (if/else) with punctuation separating the utterances, the presence of which
is generally considered a performamekevant detail.
The comparison prompts, oot (b) and fewshot (c), wee chosen following the logic of forcing the
model with examples of correct classification (desired output) in order to extract latent knowledge from the
model and increase its performance. The examples for nesaetprompts were chosen with the aim of
selecting informatiorrich cases. Rather than including borderline cases as examples, we used recurring and
varied examples, thus providing more crosstingly information.
2. The oneshot prompt traces the content and structure of the basic prompt, arahasdsnple of a
news item classified as fitrueo across all classifiers, i.e., scor
absence) of article body, drought topic, generic and specific impacts.
3. The fewshot prompt similarly traces the basic prompt and addsrra, ideally one per
classifier, i.e., 4 news items taking different values across the 4 classifiers.

Performance metrics
For each of the three developed scenarios, we compared model performance against the manually annotated
reference dataset. Accusa@recision, recall, and f1 were chosen as performance metrices (Rainio et al.,
2024), selected for appropriateness to the task type (binary classification) and for relevance (recall above all)
to the specific needs. In particular, a high recall valuéitfato identify relevant news items) for the

classifiers of fibodyo and fidroughto is particularly relevant since t
Aispamd | abel to news. I'n this case, we gsspanfieer to have higher recall
relevant news story) at the price of | ess precision, accepting in th

false positives (news items tagged as relevant that are actually spam). Operationally, for each news item
annotated via GPlo with ane of the three prompts, accuracy/precision/recall/f1 were calculated for each
classifier (body, drought, impageneral, impaespecific).

Preliminary results

Initially collected data
The collected data goes from 2022 until today. During the -202P andpbarts of 2023 a drought period
occurred which was capture by the collected news. In particular, 27000 news were harvested covering 2022
and 2023. The trend reported in Figure 5 capture drought conditions especially during summer 2022 as well
as during spng 2023 in the Italian Alps. In particular, the highest peak appeared during July and August
2022 and March 2023.

11
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Figure 5 Time series of collected news during the 28023 period in the Alps
Refined data collection

The amount of collected newhanging the IP address from which to query Google (4 different locations)

and not doing so (same location) and across three possible types of keywords combinations led to an overall
increase of news with a more pronounced increase if it is done fronakeifarent addresses.

If we repeat the request 4 times with same keywords and same search location, and we discard duplicates, we
get approximately 10% more news items than we would with a single request, witmaghigible increase

if the search is ede from multiple addresses (15% more than the results of a single request).

Figure 6 illustrates three pairs of sibdg-side boxplots representing the different distributions of the number

of collected news. In each of the three panels, we compare thibutisn of results number obtained by

searching from 4 different locations (left boxplot in every panel) with the distribution obtained by searching
repeatedly 4 times from same location (boxplots on the right); moving across panels, we compare

distibui ons across the three keywords scenarios, with
each graph, hence for each of the individual pkeavord combinations, the average number of news

obtained from a single get request is plotted in red, a®fbeence to consistently quantify the increase in

news obtained due to repetition and change of IP address in that specific scenario.
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Figure 6 Sideby-side boxplots representing the number of collected news (values), using a VPN to simulate
searchesrbm 4 different locations (left boxplot in each panel) vs searching repeatedly 4 times from same
location (right boxplots in each panel), across three keywords scenarios (keywords are reported in each
graphos header) . Red | i nfeewsitemgpobtaireed from a dinglereqaestaimderg e
that specific plac&keyword combination.

Filtering results

For the relevance attribution, 40% of the news items are categorized to be discarded (26% of the total due to
the absence of a proper body ofttexhile 14%, despite the presence of text, due to the absence of any
reference to the topic of drought). Moreover, 60% are categorized as news covering drought events. Of these,
63% (38% of the total) are recorded as explicitly talking about drought sty news item that mentions

them, even if only in general terms, falls under this definition here), while a 23% is reported to deal with
drought damages in details, explicitly regarding their place, time, qualification and quantification (14% of

the tdal considering the entire sample).

For the automatic classification process, the evaluation metrics scores are reported across columns and
scenarios in Table 2. Recall columns are highlighted because of its importance as we attempt to maximize
the numbenf relevant news stories we manage to keep.

Table 2 Accuracy, precision and recall scores across columns and scenarios.

body drought impact-general impact-specific

F1 precision| recall | F1 precision| recall | F1 precision| recall | F1 precision| recall

base | 0.97 | 0.96 0.99 | 0.96 | 0.96 0.96 | 0.8 | 0.75 0.75 | 0.71] 0.71 0.88

one |0.82|0.81 0.89 | 0.94 | 0.93 0.95 | 0.79| 0.79 0.81 | 0.63| 0.63 0.73
few |0.97 [ 0.96 0.99 | 0.96 | 0.96 0.96 | 0.72| 0.80 0.82 | 0.73] 0.69 0.82

For each of the prompt scenarios (1:h&eneshot, 3:fewshot), their performances and their ranking result
show that foraccuracy the fewshot case (3) scores better than or equal to the other two in all classifiers. For
precision few-shot (3) results in scores equal to base (1) in booyddt, better than base in impagneral,
slightly worse than base in impaspecific classifier. In any case, feshot always results better than ene
shot (2) in all classifiers. Faecall, few-shot (3) makes equal scores as base (1) in body/drougfet, then
base in impaegeneral, slightly worse in impaspecific. A similar trend applied 1, since it is a
harmonized average of precision and recall.

13
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Further developments

Future developments will address the remaining phases reported in thewaekdtiw in terms of location
extraction and impacted sectors (Figure 1). Although these phases might appear as separated, they actually
are nested in many cases as we experienced during the manual subset annotation. In many cases, drought
impacts are assiated with multiple locations both in negative and positive terms within the same news, as
well as combining different locations. This complexity will be addressed in the upcoming months, enriching
the already set guidelines for an effective manual atiootand consequently the application of-gpt

Finally, extracting information on the severity of each specific drought event will be also explored in order to
complement information on location and frequency with the magnitude of each event.

Water scarcity is quantified through a relatively diversified set of indicators. The common characteristic of
these indicators, and the defining trait of water scarcity, is that they all represent an imbalance between a water
demand and a water availahilifTwo of these indicators can be particularly useful in evaluating how water
scarcity propagates and impacts on the food sector, especially if driven by drought: green water scarcity and
blue water scarcity. Green water scarcity is the degree by whidvépstranspirative demand of a crop is
satisfied by green water, i.e. soil moisture generated by naturally occurring precipitation. It is of prime
importance because, following the conceptualizatioDbgremboost al., it is directly proportional to yi

losses caused by water stress. Moreover, evapotranspirative demand is mainly conditioned by temperature,
while green water availability is driven by precipitation. Temperature and precipitation are also the two main
observed signals in drought charaitation. Thus, green water scarcity, if assessed through a soil water
balance modelling that accounts feedbaclkbetween green water availability and evapotranspiration, can be

an efficient indicator of the compound demarghd supplyside impacts of dreght on agricultural
productivity. In this, instead, blue water scarcity is needed when green water deficit is compensated by
irrigation. Blue water scarcity is the ratio between total esestoral blue water demand and blue water
availability, net of emironmental flow requirements and water used by upstream users. Also in this case, given
that agricultural irrigation water demand typically accounts for the majority of water demand, blue water
scarcity incorporates both demarahd supply driven mecharsims of water scarcity impacts on the food
sector.

Therefore, the first step to model water scarcity impacts on the food sector has been tohigeageality
quantification benchmark of green and blue water flows (demand, availability), with a paftculs on the
agricultural sector. Even though the case study is the Po River basin, this part of the activity is in strong synergy
with the impact product AIDA (agricultural irrigation demand assessment), which is delivered at national scale.
To this end we have created refined crgpecific land cover data by harmonizing waigh resolution
satelliteborne datasets with sun#ased statistics at the municipal scale. More specifically, we used the 10m
spatial resolution EUCROPMAR022 (Ghassemi et aR024) dataset and incorporated information on tree
crops and vineyards from the 100m CORINE land cover dataset (European Environment Agency, 2018), as
well as statistics on frud@rchards and horticultural crops from the ISTAT agricultaeaisus (ISTAT2020).

After this merging, we have attributed irrigation to each crop starting from GMIE (Tian et al., 2024) and GMIA
(Siebert et al., 2013) maps and basing on priorities derived from irrigation intensities provided by ISTAT
(ISTAT, 2014). Weéhave iteratiely refined the procedure using tiragerages of ISTAT statistics as validation

data, finding dinear correlation higher than 75% and an error lower than 20% for more than 80% of the
mapped areas (Figu@. The results have a resolution of 30 arcsecands the entire national territory. To
compute associatedater flows, we have used the WATNEEDS spatially distributed dynamic- agro
hydrological model on a daily timestep, aggregated monthly and/or yearly. We have tested several climate
input datasets, amg which the temperature and precipitation dataset by CIMA, also part of the RETURN
impact product. The first version of the dataset (both areas and water flows) is currently under review. Testing
of CIMA-based WATNEEDS outputs against subnational irrigestatistics is in progress.
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Figure 7: Mappedcrops and irrigation areas performance against ISTAT statistics. On the left graph, green
crops have linear correlation >75% and percentage error <20%, yellow crops respect only one of these two
criteria, red crops none. Each dot represents a provineectimfidence interval ranges from the second lowest

to the second highest value in the istat database.

Here we are testing these results to assess correlation between water scarcity and registered yield losses.
Moreover, given the prime importance of kteck, especially ruminants, in the Po river basin, we are

working to better incorporate water demand dynamics on thisector in the analysis. The results we

already have include fodder, maize, wheat and soybean, the main feed sources in the riegianeatso

among the beshapped crops in our results, with good accuracy also in terms of irrigation (Fguiteus,
propagating water scarcity impacts from these components to livestock, along the food supply chain, can
provide a better characteriiat of water scarcity impacts on the food sector of northern Italy. This can be
furtherly aided by the presence of data such as Malek et al. (2024), which, for this region, is based on ISTAT
agricultural census data, coherent with what we are already. using

Water scarcity impacts the energy sector in many ways. The most common and most studied ways are impacts
acting through the reduced water availability for water intensive power production processesssuc
hydropower generation, thermal power plant cooling, and bioenergy cultivation.

An interesting but often overlooked aspect of how water scarcity impacts the interactions between water and
energy is the increase in energy demand for irrigation, and egtiection in general, through the lowering
of subsurface water tables and surface reservoir levels. To explore this issue, we have developed an energy
module for WATNEEDS that computes the energy requirement for irrigation. We compute the energy
requirament for lifting and distributing the water over the field, considering the field dimension and the water
source for surface, sprinkler, and drip irrigation systems. The quantification of energy demand is specific for
crop, field size, irrigation systemnd water source. The analysis is based on the quantification of the volume
of water withdrawn and the hydraulic head necessary to lift the withdrawn water and distribute it over the field.
Depending on the irrigation system adopted, the amount of watedraitn is different due to the different
irrigation efficiency of each system. For what concerns the hydraulic head, we considered it as the sum of the
initial head to transport the water from the source to the field and the distribution head assothated wi
irrigation system used. More in detail, for surface water sources the head has been fixed to 3m to uptake the
water from the source plus the energy losses due to transportation in an open channel from the source to the
15
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application point. When groumdhter is used, the initial head is considered equal to the depth of the
groundwater table, meaning that the water has to be pumped from the groundwater table to the surface. The
distribution head for surface irrigation is 0 because water is distributedhe/gBeld thanks to gravity. On the
contrary, in the case of sprinkler irrigation, we assume 30bar as operating pressure plus the losses due to
transportation of water into the laterals that have been assumed not to exceed 20% of the operational pressure
as inDacchache et al., 2014.

Some preliminary results show that the total energy demand for irrigating maize in the Po plain is around 21TJ
per year, corresponding to an average of roughly 11kWh necessary for the whole irrigation season on one
hectare ofand. While we have worked on global greisting datasets at 10km resolution, the procedure is
going to be adapted to the Po basin study area based on the data comipgefioosimpact product. This

will make it possible to refine the analysis anddsess spatiotemporal changes in energy demand as a response
to changes in water demand and availability in the agricultural sector. These results could furtherlg inform
multisectoral interactions between the food and energy sectors that can be inhyasiteations of water
scarcity.

A novel technology that is often seen as a solution to veatergy tradeffs in agriculture and in land use in

general is agrivoltaics, the superposition on the same land of photovoltaic power plants and agriculture. In
Italy, this strategy is seen with both growing enthusiasm and skepticism, with PNRR funds being devoted to
the installation of agrivoltaics on one side and regional normative barriers becoming more and more restrictive
on the other side. Agrivoltaics appear be particularly promising in water scarce situations, since the
microclimate that the panels create over the cropped surface can reduce craresgdBarrorGafford et

al., 2019). In the light of our considerations on energy requirements fatiiorign water scarcity conditions,
agrivoltaics could therefore provide a dual mitigation by simultaneously reducing irrigation requirements and
increasing the availability of clean energy. To better explore this opportunity, we desretoped a
WATNEEDS module to evaluate crop water stress responses to reduced radiation, accounting for both changes
to potential yield due to reduced radiation availability to photosynthesis and changes in potential and actual
evapotranspiration. The rdole uses the Agrecological method from FAO paper 33 to compute potential

yield in response to solar irradiance and the yield response to water equation from the same source to compute
the reduction in yield associated with crop water stress.

Some prelirmary results obtained by running the model ongiisting 10km resolution global datasets also
used in Chiarelli et al. (2020) show thiatthe Po river basin, agrivoltaics could be implemented with virtually

no yield losses on 13% to 23% of rainfedptamds, depending on the photovoltaic power plant characteristics.
The remaining areas would suffer from yield losses due to the reduction in solar irradiance. Also in this case,
the reimplementation of the methodology with refined data produced withityRNTis planned, as well as

the expansion of the analysis from rainfed to irrigated areas, to understand how agrivoltaics can work for
mitigating waterenergy tradeoffs such as the one on energy use for irrigation.

Using brackish water in agriculture can alleviate the existing stress on freshwater resources, but care should

be taken during its application. When used in acceptabteiainand under favorable conditions, it can work

well to reduce water stress, but if used in excess and under non suitable conditions, it can destroy the soil's
capabilities to sustain crop growth leading to cases of heavy yield reduction or in mangrcasggs (over

a long period). To ensure that this doesnét happen,
that we do not destroy the soil and in turn, induce droughts. Firstly, a salt tolerant crop should replace the
existing crop fora better yield and lower stress on the agriculture in the area. Some of the salt tolerant crops
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are shown in Tabl& below which should be used as a reference for selection of the crop to be cultivated under
brackish water irrigation.

Table3: Toleranceof different crops (FAO paper 61, W. Wenyong)

Salt Tolerance Salt-tolerant Crops
Grade Threshold ECe
(dS/m)
Salttolerant 6 <ECe<12 Barley, beet, cotton, asparagus, rapeseed, rye, tritig

wheat, oat, etc.

M

Medium-level 3 EGe<6 Sorghum, soybean, cowpea, safflower, alfalfa, oilsg
salttolerant grape, sunflower oil, pumpkin, pomegranate, fig, oli
pineapple, sunflower, etc.

(MT)
Medium-level 1.3 O EQ Corn,flax, chestnut, peanut, rice, sugarcane, cabba
saltsensitive celery, cucumber, eggplant, lettuce, muskmelon, peg
potato, tomato, radish, spinach, watermelon, grape,

(Ms)
Saltsensitive ECe<13 Kidney bean, sesame, carrot, onion, pear, apple, org

plum, apricot, peach, strawberry, etc.
(S)

For using brackish water in irrigation, both its availability and the impacts on crop production Bhould
assessed to check the feasibility and ease of application. For the impacts on the soil water balance, we have
developed a WATNEEDS module that perfs the soil salinity balance and provides the associated variation

in water requirements. The additional inputs with respect to WATNEEDS are the initial soil salinity, the actual
irrigation water salinity and the type and combination of irrigation. Tllosva a detailed analysis on the soil

salinity and its influence on the crop yields. For saline water availability, the saline aquifer map from
WHYMAPS (Richts et al., 2011) has baesed as a preliminary input. Identification of brackish water sources

in Italy is in progress. Water salinity determines if there is a need for a desalination plant before the application
of the brackish water or not. Processes such as reverse osmosis and desalination can reduce the salinity of the
irrigation water to a greak&ent transforming it to a freshwatkke salinity. Although brackish water irrigation

is extremely fruitful in alleviating the stress on freshwater, it also has its own dependency on this freshwater
to maintain the optimum salinity of the soil in therfoof leaching water. This leaching water is computed as

the product of LR and the applied brackish water in irrigation where the equation of leaching ratio (LR) is
taken fromFAO (Ayers and Westcot, 1985).

LR =EC../( 5EC.— EC..)

Where EG: is the dectrical conductivity of irrigation water and E@ the threshold value of the crop. This
Leaching water is applied to not only control the salinity of the soil, but in turn also to help in reducing the
salinity stress and increase the yield of the crop. Here we consider the brackish water to héced elect
conductivity of 5 dS/m since there exists no dataset with the actual salinityMéditerranearscale and the
electrical conductivity of the freshwater as 0.4 dS/m. T4lsleows the comparison of the water required for

a few crops including theedching water applied to keep the crops under stressor a very little stress
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(average Ks > 0.9) for most of the growing period. These 15 crops were selected as they were the ones with
all the necessary data at thlediterranearscale. The total irrigeon volume increases from 44.9 kin the
freshwater scenario to 52.49 kin the saline water scenario, of which 34.26%lare saline irrigation water

and 18.23 krhare leaching freshwater. Thus, while total water use increases, the total use of &eshwat
decreases significantly.

Table4: Results obtained for different crops under a saline water irrigation scenahitediterranearscale

Crop Number | Total GW (km3) | Total BW (kmg3) Leaching Water (kmg3)
Wheat 12.46 8.19 3.11
Rice 9.51 5.83 6.94
Barley 1.24 1.23 0.32
Maize 13.29 8.86 3.36
Sorghum 0.58 0.29 0.14
Potato 3.25 2.04 1.26
Sweetpotato 0.15 0.07 0.03
Sugarbeet 1.98 1.10 0.48
Bean 0.51 0.29 0.15
Soybean 0.13 0.08 0.04
Sunflower 0.70 0.49 0.23
Rapeseed 0.03 0.02 0.01
Cotton 2.76 1.90 0.59
Vegetable 4.27 2.86 1.56
Otherfibre 0.03 0.01 0.01
Total 50.89 34.26 18.23

This model can become valuable to check not only the variation of the salinity of the soil by the implementation
of saline water but can also become a decisiaking toolto preserve the quality of the soil for crop growth.
In the areas, such as ltaly, where brackish water aquifers do not exist, saline drainage water, wastewater
(municipal and industrial) with proper pretreatment and other forms of water which are saleréncan be
used by knowing their properties before their application in the field. Refining this model for Italy,
implementing different scenarios will help us understand more the feasibility and viability of using saline water
in irrigation and if thee is a need to adopt desalination or reverse osmosis in this form of irrigation. How this
type of irrigation interacts with droughts, both as a mitigation strategy but also as a potential vulnerability
increasing practice is also a research question aretplexplore.
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Objectives

Droughts are increasingly affecting natural ecosystems and human activities. The objective of this activity is
to map the spatial and tempoesolution of droughts in the Arno basin. Droughts can be defined differently
according to the sectoral, disciplinary, and sastonomic domains and they can be characterized differently
depending on the spatial scale of analysis. For {atgée assessmisn the Standardized Precipitation
Evaporation Index (SPEI) is one of the most common indicators used to characterize spatial and temporal
dynamics of droughts.

We present the spatial and temporal occurrence of droughts in the Arnd Basirof the larggt Italian river
basins’ which has deep implications for environmental, economic, and social activities in the most populated
areas of Tuscany.

Methods

To characterize drought in the Arno basin, with a special focus on agroecosystems in mind, weagsed the
hydrological model Soil and Water Assessment Tool (SWAT). We firstisehe model using observed
climate data from 15 rain gauge stations across the basin and spatial data of soil, elevation and land cover from
freely available global datasets. W calibrate and validate the model by using g€ time series of

runoff at the outlet in Pontedera (PI). We then run the model in the perioe20234to simulate the water
balance conditions with the calibrated model. Finally, we calculate the iBRE¢ 30year period at the
landscape units (130 sddasins)
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Figure 8: Locationof the Arno basin, with the modeled area in gray and the weather stations considered in
the calibration in red

Preliminary results

The intensity and duration of droughts across the diverse landscapes of the Arno Basin are diverse. Over the
30 years of the analysis, the upstream part of the basis has been more impacted by droughts, especially
considering SPEI 3, 6 and 24. The higheagnitude of all SPEI is in the Appennine side of Arezzo province

for SPEI 48 and on the Empoli agricultural plain for SPEI 12. These results highlight the need to contextualize
the SPEI conditions on the local agrocosystems
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Figure 9: Temporalvariation of SPEI3, SPEI12 and SPEI48 in 2 exemplary landscapes of Tuscany. Val di
Pesa is a welknown wine production area, while Rincine is a headwater basin in the heart of the Appennines.
The plots show how the SPEI3 captures the 2022 drought, while SPEM8 tho different longerm
conditions of prolonged water scarcity in Val di Pesa, while above average water availability conditions in
Rincine over the 30 years of analysis.
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Figure 10: SPEI magnitudecomputed as the sum of bel@SPEI values over t189-year period 1994023.

Further analysis
To understand the impacts of drought, especially in agriculture, we will further:

1. The actual impact of the major droughts depends on the local context. To provide a more reliable large
scale impact estimatee will use a newdased drought impact database under development by EURAC.
2. The basirscale assessment will be used to select a suitablbasiib local case study to further

explore the meaning and implications of SPBsed drought assessment andertowards a knowledge €0
creation of drought impact assessments.
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This is a proof of concept for the refinement and the convergence of results coming from previous activities
and from impact products. The aim is to perform a water scarcity assessment AsndhRiver basin,
accounting for the different sectoral water demands, as well as environmental flows.

Thus, the results produced at national scale in can be used adatgpah the food sector, and the same holds
in relation to the energy sector. A preliminary assessment of blue water scarcityAnmehRiverbasin can

be already performed using the results of these activities at their current state. Specificallpcavatisr
incorporating irrigation demands can be seen in Figdrepposed to water scarcity from a previous study.
The incorporation of dynamic agricultural energy demasids progress

In addition to that, the resolution and accuracy of domestic rachasirial water demands can be furtherly
improved. Gridded data on domestic and industrial water demands are typically available at very coarse (e.g.
0.5°) resolutions. We have tested a downscaling from 50km to 10km of demand rasters by Mekonnen &
Hoekstra based on the 100m settlements maps by yy. The assumption for the downscaling is that domestic
water demand occurs in residential settlements and industrial water demand occursresidenial
settlements. Preliminary results are shown in Figlir&\feplan to further downscale the data to 30 arcseconds
using municipal scale statistics by ISTAT.

Monthly domestic water use [I/m?]: o M 100
1 10

Figure 11: Preliminary downscaling of domestic and industrial gridded data from 50km to 10km.

In this way, the water scarcity assessment can improve thattie ifmproved resolution of input data, as
well as the dynamicity of neagricultural water demands, which are typically considered as static.

Figure12 shows the improvement in water scarcity results when using the impact product data described
earlierand the downscaled nemgricultural demands, compared to an existing water scarcity produced with
nonrdownscaled nomgricultural demands and standard WATNEEDS model outputs by Chiarelli et al.
(2020). Further developments that could also benefit from ®RESFURN activities include a refined
consideration of environmental flow requirements.
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Yearly duration of water scarcity period [months]: 0 — 12

Figure 12. Preliminary results of blue water scarcity (right) compared to an analogous map applying the same
algorithm to preexisting datasets.

Freshwater is vital for hygiene, agriculture, and industry. However, population growth, climate change, and
declining water quality threaten food and energy security. Sustainable water resanezeEment is essential
for meeting human needs and maintaining ecological balance.

The concept of environmental flow-flew) in the EU defines the amount, timing, and quality of water
necessary to sustain aquatic ecosystems. Three main approached toestblish-Eow:

1. Hydrological methods analyze river flows statistically but lack direct ecological relevance.

2. Hydraulic-habitat methods focus on habitat conditions for specific species but require extensive
field data.

3. Holistic methods consider ente ecosystems and are exemplified by the ELOHA model, which
assesses hydrological changes on a regional scale.

Since water gquality often impacts ecosystems more than water quantity, current methods focusing only on flow
alterations are limited. This studgtioduces a diagnostic tool that integrates ecological and hydrological
indicators to evaluate deviations from theoreticlibess on a regional scale. Key goals include establishing
theoretical elow thresholds, using geospatial proxies for unmonitoradirts, and developing an Eco
Hydrological Distance index (EHDI) to detect both quality and quantity presskieslly, the Eco
Hydrological Distance index is calculated in conditions of drought for evaluating the deviation from the
average conditions tonderstand how the ecological status of rivers can be affected by a drought of different
severity.

In the EU, the Water Framework Directive 60/2000 provides standardized definitions for classifying the
ecological status of water bodies. A river is considdrehave a "good" ecological status if its biological

quality shows minimal alteration due to human activities, meaning that biological communities differ only
slightly from their natural, undisturbed state. Conversely, a "bad" ecological status inifiabtesye parts of

the typical biological communities are missing compared to their undisturbed conblitiorerous studies
demonstrate that bioindicators used in ecological assessments, such as benthic invertebrates, are sensitive to
pollution but showimited correlation with flow parameters

This work redefines the environmental flowf{@ew) as the water flow needed to maintain a safe mérgin
Eco-Hydrological Distance Index (EHD3)from conditions that would result in a bad ecological status.
22
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Traditionally, eflows are defined by lovflow statistics, but this study proposes using metrics that capture
broader seasonal and annual flow patterns, thereby better reflecting the average flow regime needed for
ecological health. By comparing good and bad egichl status data, the study develops regression models
that correlate flow statistics and watershed stressors, predicting theoréibeatieresholds. These thresholds
identify flow levels below which bad ecological status is likely and above whict giadus is achievable.

The model is calibrated with observed data and then applied across river networks lacking ecological status
data to define potentiattows. A dimensionless ECFI index is calculated to compare the actual flow against
eflow threshdds and natural flow levels, allowing assessment of whether the current hydrological conditions
can feasibly support the ecological needs identified by theoretftmhe. Figure 13 summarizeshe steps to

identify the diagnostic indicator EHDI.

For the dought scenarios, as a simple indicator which does not require modeling but just data analysis, we
adopted the Standardized Precipitation Index (SPI). SPI is used to identify the occurrence of droughts in a
timeframe to extract respective flow statistiosmleated through a water balance model. The research
hypothesis is that depending on the characteristics of the catchment in terms of (i) hydrological functioning,
(ii) water abstraction, (iii) amount of pressures acting on water quality, there wilpeeiéicscritical value of

SPI that pushes the river towards the limits of bad ecological status. Approaching the threshold of bad
ecological status means to have an impact on the overall river ecosystems with a potential influence of the
main ecosystem séces provided by the river itself.

Cal/Val data Multiple regression models
Monitored
. status «good» status «bad»
ecological status
«good» 2 ..

. =} £
Monitored = N
ecological status | |
«bad» pressures pressures

Eco-hydrologic distance
U\d“
Pressures on Oodtha"“
!
upstream catchment :
=
\d»
2 badthfasho
Simulated flows ©
from hydrological
balance
5
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Figure 13: Conceptual framework for the evaluation of EHDI.

The effect of drought on the ecological status of the river bodies has been assessed by evaluating the SPI index
with precipitation retrieved by the rain gauge network of the Tuscany Region. The dataset is composed of rain
gauges with at 20 years of dadgta in the 2002020 period. Moreover, the consistency of the dataset was
evaluated to select just the time series with high quality, i.e., the fewest number of missing data. A step with

two thresholds has been used: first, the months in the time seresac | assi fi ed as fAgoodo

data is available; then, just the rain gauges with a time series in which the 90% of the months are good are
selected (Figuré4). The final dataset is composed of 78 rain gauges.

23

f

at

east

90 %

(



Finanziato /5%, Ministero .
dall'Unione europea ( dell’'Universita ".l WM [taliadomani

NextGenerationEU e della Ricerca

PIANG NAZIONALE
DI RIFRESA E RESILIENZA

Y

nt.l

¢

o %e 0@, 00,
%

Figure 14. Selectiorof high-quality rain gauges to evaluate SPI in Tuscany.

The SPI6 and SPI12 have been evaluated in each selected rain gauge (green dotsli) Fide&SPI6 and
SPI112 maps were obtained using spatial interpolation with the Inverse Distance Weighting (IDW). $he map
allow the identification of the more extreme droughts that occurred in the region in the last yearslF-igure
shows as an example one of the most extreme droughts that occurred in 2012.

January 2012 February 2012 March 2012

SPI12>-1.5 -2<8PI12<=-1.5
I 25<SPI12<=2 I SPI12<=-2.5

Figure 15: SPI12 maps of one of the most extreme droughts tbatred in Tuscany recently.

Six river basins in the Arno River have been selected to investigate a possible correlation between SPI and
EHDI: Bisenzio, Greve, Ombrone Pistoiese, Orme, Pesa and Sieve. The results of this comparison are shown
in the next Fgure, where the left-uxis shows the average SPI112 over each river basin area, and the right y
axis illustrates the mean EHDI evaluated with the MOBIDIC model in the outlet of the river basin. The average
SPI112 is on the spatial scale, and it is obtawél zonal statistics from the SPI maps; the mean EHDI is
averaged in time in the same time window of the SPI since a value is available in each month. The result shows
how the time series of SPI12 and EHDI have the same seasonality, demonstrating thefimgaights on

the ecological status of the river basins.
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Figure 16: The average SPI112 (bludeft axis) in each river basin is compared with the EHDI (reight
axis) of the outlet.

The correlation between EHDI and SPI112 is shown in thefiexie. SPI112 and EHDI are well correlated in
all the river basins, with a correlation coefficient greater than 0.82 in all the case studies.
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Figure 17 Correlation between SP112 and EHDI in six river basins ofAh® River The green dashed line
repreents the linearegression between the two variables. The red SPI value in the upper left corner
represents the climate conditions that, on average, cause a bad ecological status in the river basin. The blue
value in the bottom right corner indicates theximum SPI value that historically is associated with a bad

condition.

The lower correlation coefficient is found in the Orme River, which is the smallest one, suggesting a possible
better correlation with SPI6. The green dashed line in each subplotemsrése linear regression between
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SPI112 and EHDI. The red SPI value in each subplot is the intersection between the linear regression and the
horizontal red line that crosses zero, which identifies the threshold under which the river basin is in bad
condtions. Therefore, this value is the SPI value that, on average, leads the river basin into bad ecological
status. The value is different in all the river basins as there are also other drives that impact the ecological
status, such as anthropogenic adgeit Indeed, as an example, the Ombrone Pistoiese had a bad ecological
status only when SPI was arowid3, while just a value of SP112 equalfol leads the Pesa River basin into

bad ecological status. The blue value of SP112 in the bottom right clroers the maximum value that has

been associated with bad ecological status in each river basin. Therefore, if the SPI value is greater than this
threshold, the river basin has never been in bad ecological status historically.

Objectives
a) Identification of hydrological drought events, and estimation of their intensity and duration from
streamflow anomalies over the Adige catchment.
b) Estimation of an evaporative stress index from time series ofregilution evapotranspiration
to estimate drought impact on root zone soil moisture

The methodological report and processed output for contributions a) areitten in two separateestions
Methodological report (objective a)
Data source, resolution, time window

Observed streamflow time series were retrieved from the ADO hydrological dat&iaSedgscription-
ProjectdDatabase Documentation (eurac.¢dlihe dataset contains streamflow records for over 1400 gauging
stations spread across the Alps. The portion of stations located in the upper Adige catchment amount to 39. In
general, observations are at a daily time sted span th&986 2023time window, however some stations
present prolonged gaps due to station malfunctioning, maintenance, or decommissioning.

Quality control

Only stations withenoughdata were considered in the analysis. Stations with less thana® giedata
(considering as complete every year with at least 300 valid measurements) were discarded. No further
gapfilling was performed even on small gaps to preserve the original quality of data. All data are used under
the hypothesis that the measureiseare correct. An outlier detection analysis showed that no outliers exist
within the set bounds of (0;20p], p being the lelegm average flow at each station.

Drought definition and analysis

Drought analysis resorted to the Standardised Streamflow:Itiie index is applied at a monthly scale and
determines the deviation of the current state from its average state. In order to do this, the daily flow time series
undergo several steps:

1. Aggregation to monthly series: all daily values are agdeelgato monthlyaveraged time series,
following the standard definition of SSI.

2. Fitting of PDF to each month: an independentlgjstic distribution is fitted to the data
pertaining to each month

3. PDF standardization: each PDF is transfed into a Gaussian PDF with zero mean and standard
deviation equal to one.

After these steps, the SSI for each month can be computed, and represents the difference in terms of standard
deviations between the current value and the mean. The calcula8& afiows the definition of a timescale
parameter. With timescales greater thanig gossibleto incorporate the influence of the past values of the
variable in the computation, enabling SSI to provide information about the memory of the systertudiyder s

For example, a value of 3 would imply that data from the current month and of the past two months will be
used for computing the SSI value for a given month. Timescale 3 is usually adopted for evaluating seasonal
hydrological drought conditions, wkithe default value for this parameter is 1.
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Following the common interpretation of SSlI, it is possible to define a threshold under which the system is
considered to be in a drought state. Here, we will assume the threshold valug {mbeerate drougjtwe

then assume that each drought event started with SIStentinues until SSI 0.5, toreduce the instability

of the signal.

Drought duration, intensity, and severity are also characterized relatively to the computed SSI series. Duration
is definedas the number of consecutive months over which SSI falls below the given threshold. Intensity is
defined as the average SSI value over the duration of the drought event. Severity is defined as the cumulative
SSl value over the duration of the droughért andcan be considered a direct proxy of the drought magnitude

in terms of cumulative runoff anomaly.

Processed Output

The filtered stations based on data availability (>20 years of data available after 1990) together with their
summary flow and droughtatistics aresummarized in Tabl, 24 outof the 39 initially identified

Table5: Filtered stations based on data availability (>20 years of data available after 1990) together with
their summary flow and drought statistics.

River- location_site Average Average Average Average Std Std Std
flow duration  severity intensity  duration severity intensi
[m3/s] [months] [SS1] [SS1] ty

Schwarzenbach 0.284 3.941 -5.067 -1.311 2.358 3.017, 0.275
Kaltenbrunn

Villnasserbach St 0.930 3.286 -4.066 -1.202 2.648  3.461| 0.237
Peter

Sextnerbach Sexten 1.573 3.846 -5.573 -1.268 3.338 7.014, 0.358

Antholzerbach 2.039 3.667 -4.574 -1.238 2.972 4.087, 0.319
Salomonsbrunr

Pfeldererbach 2.198 3.208 -4.075 -1.267 2,570  3.410 0.263
Eschbaum

Gsieserbach Pichl 2.574 3.154 -3.847 -1.216 2292, 3.114| 0.246

Pflerscherbach 3.018 2.917 -3.942 -1.245 3.216, 5.397 0.284
Gossensas,

Gader- Pedraces 3.225 3.053 -3.815 -1.203 1.810| 2.656| 0.209

Drau - Vierschach 3.287 3.889 -5.235 -1.258 2.654  4.254 0.220

Pfitscherbach Ried 4.118 4.227 -5.069 -1.229 4.185 5.146| 0.278

Rienz- Welsberg 4.647 9.889 -13.905 -1.325| 11.795| 17.840 0.161

Reinbach Kematen 4.948 2.613 -3.365 -1.299 1.783| 2.368| 0.281

Ahr - Steinhaus 6.186 2.500 -3.447 -1.342 1.834, 3.088 0.274

Mareiterbach- 7.330 3.259 -3.976 -1.217 2.490, 3.752| 0.307
Sterzing

Gader- Montal 8.115 4.000 -5.463 -1.275 3.889 6.167 0.208

Passer Saltaus| 11.892 3.043 -3.800 -1.257 2.184, 2.732| 0.240

Etsch- Spondinigl  12.358 2.758 -3.470 -1.216 2.463  3.731 0.253

Ahr- Kematen  15.423 2.926 -4.005 -1.349 1.960| 2.987| 0.365

Ahr- St Georger]  20.525 2.394 -3.116 -1.300 1.853, 2.652| 0.317

Etsch- Tell 33.169 3.957 -4.921 -1.215 3.820, 5.133| 0.212

Rienz- Vintl 45.417 3.308 -4.181 -1.222 2.429  3.627, 0.274

Etsch- Sigmundskror,  55.310 4.304 -5.219 -1.196 4.466/ 6.003 0.165

Eisack- Brixen 72.786 3.722 -4.512 -1.167 2.782 3.680 0.224

Etsch- Branzoll| 146.574 3.250 -3.934 -1.195 3.002, 4.037| 0.262
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The distributions of drought duration, average severity per event, average intensity per event are summarized
in the following violin plots (violin plots depict the fitted empirical PDF based on the available population of
drought events). Drought duratidrstribution is slightly more skewed towards longer events in water bodies

with lower flow, as they are more susceptible to shifts in the precipitation patterns, while moving downstream
the compensating effect of the catchment compresses average drotafindtowards 3! months. The
distribution of drought intensity per event is rather even throughout the catchment, showing no relationship
between the intensity of a drought and the sheer size of a water body. Consequently, intensity acts as a more
or less constant scaling parameter between drought duration and drought severity, which ends up following a
spatial pattern similar to that exhibited by drought duration.

Drought Duration Distribution by Station (Sorted by Avg Flow)

w
=)
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N
o

‘Z basbyddondidd

Drought Average Intensity Distribution by Station (Sorted by Avg Flow)

kL

Average Intensity (SSI units)
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Drought Severity Distribution by Station (Sorted by Avg Flow)
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Figure 18: Drought duration, intensity and severity distributions in thes@tions
Methodological report (objective b)
Motivation

Drought indexes, like the Evaporative stress index (ESI, Anderson et al. 2011), provide information on the
availability of water in the root zone. The great advantage of these products is thantimpleitly consider
unknown processes such as irrigation and groundwater dynamics as they result in a footprint on satellite
imagery. These indexes could be complementary to those based on precipitation or on surface soil moisture.
Furthermore, a highpstial resolution index would potentially allow a fieddale drought analysis.

A meaningful estimation of such an index requires a reliable estimation efdsglution evapotranspiration
(ET), a challenging task over complex terrain. For this reasinsélstion focuses on the work that has been
done to improve ET modeling over complex terrain, with a specific focus on the Alpine region, starting from
the SerET model as a baseline (Guzinski et al. 2020). A description of thé&Benodel can be foundi
Guzinski et al. (2020), as well in the methodological repbtihe projecsubmitted at month 12 (hereafter this
report will be mentioned as MR312).

Methodology

An accurate estimation of the incoming solar radiation is crucial for the model perforsiaced strongly

affects the net radiative flux, which is a main driver of both the canopy and the soil latent heat fluxes (Castelli
et al. 2018). As described in MR312, S&h implements ERAS5 cleasky radiation (ssrdc) without
considering any topographeffect or cloud shadowing. The lack of topographic effects, together with the low
spatial resolution of ERA5, can lead to strong mismatches especially over sloped surfaces. To improve this
variable, we decided to adopt the downwelling shortwave radiglbsky) generated from Meteosat Second
Generation (MSG) by LS/SAF (Land Surface Analysis Satellite  Application  Facility,
http://landsaf.meteo.pt/ This product isavailable with a spatial resolution of about 3.5 km and a temporal
resolution of 15 min and provides both direct and diffuse radiation components. The topographic correction
was performed on the direct component following the methodology proposed by aidll&herer (2005) as
implemented in the Python package HORAYZON (available at
https://github.com/ChristianSteger/HORAYZON). The diffuse component was topographically corrected by
scaling by the sky view factor (computed using HORAYZON as described iar&tegl. (2022)).
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Figure 19: Comparison between observed and estime Figure 20: Comparison between observed and estime
shortwave incoming radiation for 19 eddy covariar shortwave radiation for at the-BOX eddy covarianct
stations spread across the Alpine region. station in Hochhauser (Rotach et al. 2017)

Figurel9shows a comparison between ERAS cigley (ERAS ssrdc) and the proposed implementation (MSG
corrected) at 19 eddy covariance (EC) stations spread across the Alpine region. Thesoorgak place at

the acquisition time of Sentinr8| which provides the land surface temperature needed to run the model (more
information in MR312), in absence of clouds in the satellite line of sight. Figush®vs theeomparison at

an EC site locad on a nortHfacing slope. These figures show how the proposed dataset can generally improve
the radiation estimation (Fid9), especially over particularly complex taim (Fig. D), where few EC stations

are available.

Longwave radiation is another tical component impacting the net radiative flux. We decided to retain the
method implemented in Sd&fT, which estimates longwave radiation from elevatomrected ERA5
meteorological variables (Guzinski et al. 2020). This method considers the pronelewsitbhn dependency

of the variable (strongly related to the temperature of the air close to the ground), which may not be well
captured by lower resolution longwave radiation products from both ERA5 andSEFA The estimated
longwave radiation is furtheémproved by topographical correction ( ) to consider the impact of the
surrounding terrain, following:

. s § 4 % 3
F h Aht R R Rt Ao

where i i is the estimated variable for the pixel i,j, SVF is the sky view faetgy, is the surface
emissivity,, is the StefarBoltzmann constant, and LST is the land surface temperature, under the assumption
that the LST at the pixel i,j is representative of the surrounding area.

Biophysical parameters are of key importance in estimating the soil and canopy terepBwan LST
(Norman et al. 1995). Fernandes et al. (2023) reported a bug in the SNAP Biophysical Processor (available in
SNAP 9.0.0https://step.esa.int/majnised in the Se&T model. For this reason, we decided to apply a bug

fixed implementation of the same algorithm, freely available at https://github.com/djamainajib/SL2P
PYTHON. Furthermore, with forest being the predominant land cover type in the Adige Bas in the

interest of this study to perform a sensitivity analysis with a further algorithm specifically developed for forests
by Fernandes et al. (2023, 2024).

Finally, vegetation structural parameters are determined bye¥arsing the Climate Chae Initiative land

use land cover (CCI LULC) map. This is done by means of augpetable (LUT) in which all the required
structural parameters for each class are set a priori. Among these parameters, of particular importance is the
vegetation height (V) used in the computation of the sensible heat flux, for aerodynamic roughness and
displacement height (more information in MR312). We improved this methodology by both using a high
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resolution LULC map and by improving the estimation of VH over foresstl#i the CCI LULC map is
replaced by a static map with a spatial resolution-of &1d a temporal extent from 2015 to 2020 (Marsoner

et al. 2023). This map covers the entire Alpine region (European Alps macro region) and it was created
aggregating 15 higresolution layers, with a total of 65 land use/cover classes. The map was partially
reclassified to Corine LULC classes. Orchards and classes derived from thRésiglition CORINE Tree

Cover density layer are retained even if not in the standard CO&&SEes due to their particular interest in

the study area. Secondly, the VH is replaced by-en3fatic canopy map derived from Global Ecosystem
Dynamics Investigation (GEDI). Two different datasets will be tested, one developed with a deep learning
model fusing GEDI sparse data with Senti2elmagery (Lang et al. 2023) and one using GEDI and Landsat
imagery (Potapov et al. 2021). These datasets will be used only over forest ecosystems, while for orchards and
vineyards a LUT approach is thought to po®/a more reliable estimate due to their homogeneity.

Preliminary output

Figure21 shows an example of higlesolution ET calculated by implementing the proposed improvements.
Figure2la shows the estimate for the entire Adige basin, while Fig. 3b shevisTtin the area marked with

a black rectangle in Fi@la. Figure21c shows the location of the Adige basin. Points in Fig.indicate the
location of the EC stations closest to the study area and their land cover type.

Daily Evapotranspiration [mm day ']

25 km
e Forest e Vineyard
* Grassland/Pasture e Orchard

Figure 21: Daily evapotranspiration (ET) estimated for the 25th September 2018 using the improvements

proposed in 6Methodologyé. Subplot (a) shows the estimated ET over
area marked with a black rectangle in (a), (c) shovesghbsition of the Adige basin within Italy. The points in

(a) show the location of the eddy covariance (EC) sites closest to the study area, the colors show the associated

land cover type.

Future development

The next step is the validation of the improwedsion of the method at EC sites both in and out of the Adige
Basin, at different elevations and over various land use types. Given a positive outcome, this will lead to the
creation of daily evapotranspiration maps over the Adige Basin. ESI estimdties thién computed. Special
attention will be needed in dealing with the relatively short period of time requested by the projeet (2017
2022), insufficient for implementing ESI as described in Anderson et al. (2011). Possible solutions will be
either to use a slightly modified methodology as in Yang et al. (2016) or integrating lower resolution ET maps
available from MODIS to increase the length of the timeseries to increase statistical significance.
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Introduction and Objectives
Urban development and population growth have several consequences connected with designing and managing
water distribution systems. The contemporary increase in water consumption and esgileedity of water
resources produce unbalanced water demand and offer, leading to water shortage scenarios. This happens even
when water resources procurement was not historically an issue.
Water shortage situations are commonly solved by discontimtes distribution and rationing the available
water resources. This approach is widely adopted in developing countries (Vairavamoorthy et al., 2001) and
developed ones for solving shoerm scarcity conditions, which can be caused by drought perioddl¢Cu
Gonzales et al, 2003; MclIntosh et al. 1997; Hardoy et al. 2001; Totsuka et al. 2004).
Droughts can significantly impact urban water supply systems in various ways, affecting both water
availability and socieeconomic aspects of cities. Drought evergduce freshwater resources, severely
threatening urban water supply systems and | imiting sustainable urba
This water shortage can affect multiple see@nomic sectors and urban ecosystems. In vsatessed
regiors, droughts force water providers to invest in additional supplies or implement expensive emergency
measures, often increasing water fees and household taxes (Rachunok & Fletcher, 2023). This can
disproportionately affect loincome households, alteringeih water consumption patterns and exacerbating
water affordability issues. Interestingly, the impact of droughts on urban water supply can vary significantly
even between geographically close regions due to differences in adaptive capacities and ovwater res
management strategies (Chuah et al., 2018). For instance, despite their proximity, Singapore and Johor,
Malaysia show distinct variations in drought impacts and responses.
In conclusion, droughts can severely stress existing water supply/demandskindggdan areas, requiring
considerable conservation efforts to balance demand with available supply (Morehouse et al., 2002). The
impacts extend beyond just water scarcity, affecting aquatic ecology, energy production, waterborne
transportation, tourispmand recreation (Stahl et al., 2023). To mitigate these impacts, cities need to develop
comprehensive drought resilience strategies that consider bothesinodnd longerm measures, integrating
physical, socieeconomic, and political aspects in thinplementation (Dewi & Prihestiwi, 2022; Li et al.,
2022).
Intermittent Water Supply (IWS) is also quite frequent in Mediterranean countries. In this area, the lack of
natural resources management and network maintenance plans, explicitly consideringsthiity of
scarcity scenarios, produces unexpected water shortage situations that can be handled only by means of
emergency interventions. Intermittent water distribution has the advantage of requiring small financial efforts,
but it leads to network @pating conditions that are very far from the usual design. The network is subjected
to cyclical filling and emptying periods, and users need to collect water during distribution periods to cover
their needs when supply service is not available.
IWS is chaacterised by regular flow restarting and pipe draining, significantly impacting water quality and
service reliability (Kumpel & Nelson, 2016). In IWS systems, water utilities typically supply water to different
zones or neighbourhoods on a rotational asith varying supply schedules. For example, in Delhi and
Bengaluru, India, water schedules can range from continuous supply to as little as 30 minutes per week (Meyer
et al., 2023). This inconsistent supply forces consumers to adapt by storing wiaterrrediate storage
facilities, such as underground tanks and overhead tanks, for use duriegppby periods (Abhijith et al.,
2023). The operation of IWS systems presents several limitations in terms of water quality and service quality.
Firstly, theintermittent nature of supply increases the risk of microbial and chemical contamination through
multiple mechanisms, particularly in areas with inadequate sanitation infrastructure (Kumpel & Nelson, 2016;
Sakomoto et al., 2020). The regular draining &fitling of pipes can lead to intrusion of contaminants through
leaks, compromising water quality and posing public health risks. Additionally, IWS systems often result in
unfair distribution among users, low reliability, and poor water quality (Nyahaia €020). The inequitable
distribution of water is evident in many cities, where affluent neighborhoods may receive better service in
terms of supply continuity and frequency (Meyer et al., 2023). This inequality is further exacerbated by the
need for onsumers to store water, with some areas requiring significantly more storage than others (Meyer et
al., 2023). The hydraulic instability during the filling transition from 1supply to pressurized supply periods
also negatively impacts water quality, elérates infrastructure integrity, and intensifies social inequalities
(Weston et al., 2022). Factors such as elevation differences within the network can further complicate the
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distribution and exacerbate these issues (Weston et al., 2022). In conalsleriWS systems are a reality

for millions of urban dwellers, particularly in the Global South, they present significant challenges in terms of
water quality and service reliability. Improving these systems requires a multifaceted approach, including
infrastructure upgrades, better management practices, and consideration of alternative water sources to
augment supply (Mohapatra et al., 2022).

In intermittent distribution, the users try to compensate water service intermittency by searching new local
resources, when available (as an example by perforating private wells), or, more commonly, by building private
reservoirs, used for collecting water during serviced periods and distributing it when public water service is
not available. During intermittentstribution periods, the public network is greatly influenced by the presence

of such reservoirs that are usually filled in a very short period after the reactivation of water service, leading
to very high peak flows and, consequently, inequity in watewuress allocation among population. Moreover,

those local reservoirs are often odasigned in order to take into account higher water consumption and
possible leakages. In these cases, the intermittent distribution is useful to limit water losses due to
pressurization more than to limit water consumption by users.

Intermittent distribution systems are affected by several problems connected with inconsistence between
design and operational conditions. In the design phase, in fact, it is supposed coujeuatisnal conditions

and sufficient water resources to match the volumes required by the users and the available ones. When a
continuous system is managed as an intermittent one, pressure and flow distributions are inadequate and not
homogenous.

Intermittency generates inequitable water distribution due to pressure dependent flow conditions, with obvious
disadvantages for consumers located far away from the supplying nodes or at higher elevation in the network.
In distribution systems designed for comius water supply, the consumers exposed to intermittent supply
conditions are likely to collect as much water as possible in their reservoirs whenever the service resumes [6].
In this condition, consumer reservoirs are filled once the supply has bemedemtd this contemporary use

of water service generates larger peak flows than predicted in the network design process, increasing the
pressure losses in the network. Consequently, disadvantaged consumers will always collect less water than
those neareo the source. Intermittent distribution can also have a large impact on water quality, allowing for
the introduction of soil in the pipes when they are empty (Yepes et al., 2003).

For these reasons, it is essential to design and manage water distspsiteons according to their operational
conditions to improve system performances and to deliver equitably the available water resource. Intermittent
distribution networks, therefore, have to be designed in a particular way, absolutely different tophede ap

to systems delivering water ¥urs per day (Batish, 2003).

To efficiently analyse urban distribution networks in scarcity conditions, it can be helpful to evaluate how
water scarcity and intermittent service affect water consumption. The studyspsop methodology for
identifying those users that are more disadvantaged by the intermittent distribution condition providing a useful
tool to be used when managing a network in such a delicate operational condition. The identification of
disadvantagedsers is carried out by the mean of network performance indicators specifically defined for
intermittent distribution and described in the next paragraph. In the study, a real distribution network has been
analysed, proposing some indexes for assessingdhity of water service in intermittent distribution
conditions.

Mathematical model
The primary objective of a water distribution system is to provide water at a sufficient pressure and quantity
to all its users. In traditional demaxddven analysis, theetwork solution is achieved by assigning the
assumed demands for all nodes and computing the nodal pressure heads. Link flows from the equations of
mass balance and pipe friction headloss. For networks operating under intermittent conditions, a demand
driven analysis can yield nodal pressures lower than the minimum required service level or even become
negative. In real networks, the design demands would not be met. Although this ikaomeailproblem that
has been tackled by many researchers, itlissthetimes ignored. Since the 1980s, researchers have proposed
various methods to compute the actual water consumption, node pressures and flows of networks operating in
conditions different from design ones (such as intermittent systems). Most propetigals assume the
relationship between pressure and outflow at the demand nodes. These methods are generally termed head
driven analyses.
Bhave (1981) was the first who acknowledged demand driven analysis does not behave well when node heads
are lower tha required service standard ones. The cited study proposed the following poessinaption
relationship:
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avl req avl
where 9 is the actual outflow at nodeq,j is the required outflow at that node (water demand), is
min
the available head and ! is the minimum head required to have outflow at the node.
Germanopoulos (1985) suggested the use of an empirical pressigenption relationship to predict the
outflows at various nodal head:

avl min avl _
fFHM ¢H™, g =0 (28)

o=

IR >Hm, g = e 10 ol wr el o)
Hs : . g Can I

where " ! is the head required to satisfy the water demand,, at the node j and’ is a calibration

parameter ranging from 1 to 5.

Then, Wagner et al. (1985) proposed the use of a parabolic curve to represent the-goassuanption

min des
relationship at a demand node for head betwl-elén and
avl min avl _
fHMeH™, g™ =0 (3a)
1
. aH - HM gn
If HJmn <H?I <que' qial :q;eqa_lldes_ Hlmlng
¢ b (3b)
If H z_avl 2 H Qes qz_ivl - qreq
i i M i (3¢)

where n is a calibration parameter ranging from 2 to 1.

Reddy and Elango (1989) introduced a method completely different frowttibes previously referred to.
The authors suggested a presstorsumption function without above boundary as the following equations
show:

min avl _

IfH ¢H™, qg"=0 (4a)
min avl _ min |P

If H; 2 H™, qj'—Sj(Hj-Hj ) (4b)

taking the value of the coefficien%j from the following condition:
If HJ =H ?es, qj‘“" = q;eq 5)

and being p a coefficient ranging from 0.5 to 1.

This method has been introduced to evaluate the node consumptions in water distribution networks operating
in intermittent conditionsn this case, all the users are endowed with private reservoirs and the node outflow
is the maximum taken by the network, only related to the available nodal head. The outflow stops when the
reservoir is just completely full.

Where water distribution isgpiodically provided on intermittent basis, the users often provide private
reservoirs with pumps to collect as much water as possible even if nodal pressure is lower than minimum
required to have outflow at the node. In such situations, the method ptdpoReddy and Elango (1989) has

to be modified to take into account the pressimesumption relationship in the range of node head lower than

min

the minimum value. In order to do this, egn. (6) has been defined s'éh!ingequal to zeron eqn. (4b):
q?VI =k ."
i j (6)
where k and p are calibration coefficients.
This algorithm has been readily implemented into an existing hydraulic network solver, EPANET 2.

Furthermore, a private reservoir under the roof and a pump haneabsaciated with each node (fig. 1) thus
providing a complete model for analysing intermittent distribution networks.
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WATER LEVEL ALARM DEVICE

PRESSURE ALARM DEVICE

Figure 22: Distribution node numerical scheme

The reservoir has been designed according to nodal daily water demand and a pbegnfdm®sen being

able to fill the reservoir in 4 or 5 hours. The pump is turned on if the reservoir is empty and turned off if the
reservoir is full or the pressure on the network is negative.

In order to evaluate the equity in the distribution duringrimittent operational conditions, two performance
indexes have been proposed in the present study:

the ratio between the water volume supplied to the users in a service cycle (if the service is intermittent on
daily basis, the service cycle is correspondertwo days) and the user demand:

E@_: h

D (73)
where Vint is the water volume supplied to the users in a service cycle and D is the user water demand in the
same period.

the ratio between the water flow discharged to the usergariservice day in intermittent and continuous
distribution conditions:

EQ2 = Qint,i

Qcont.i (7b)
where Qint,i is the water volume supplied to the users in a service cycle and Qcont,i is the user water demand
in the same period.
The index EQ1 ragsents the ratio between supplied and demanded water volumes in intermittent distribution
and it is able to identify the users that will obtain less water than their needs and advantaged users that have
available volumes even higher than their needs. & if globally in a service cycle water volumes
distributed at the users do not greatly differs among the users, wide differences may be possible during the
distribution period because advantaged users can fill their reservoirs much faster than digedwargs. This
aspect can create difficulties in the water supply of disadvantaged U
of the water service reliability. For this reason, the index EQ2 can be useful for analysing the behaviour of the
network indifferent operational periods (at the start or at the end of the distribution service aftboar24
stop).

A preliminary case study

An analysis has been conducted on one of the 17 distribution networks of Palermo city (Sicily) to provide a

more adequatdescription of the proposed methodology. This network has been chosen because it is recently

built and it is precisely known all its geometric characteristics, the number and the distribution of user

connections, the water volumes delivered and measaretipressure and flow values in a few important

nodes.

The network is fed by two tanks at different levels that can store up to about 40.000 m3 per day and supply

around 35.000 inhabitants. It has been designed to deliver about 400 I/capita/d buatmeessiconsumption

is about 260 l/capita/d. Pipes are made of polyethene and their diameters range from 110 to 225 mm. The

net work is about 40 km |l ong and usersd elevation ranges between 47
shows the distribution network adopted in the present study.
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Figure 23: Case study network scheme

However, because of the great amount of water losses occurring in the pipe connecting the tanks with the
network and the recurrent lack of water resources, the water service manager has decided to operate the
network on an intermittent basis and introdupeedssure reduction valves at the network inlets in order to
reduce pressures and consequently leakages.

Preliminary results

The network has been simulated by the mean of EPANET model in which each supply node has been simulated
according to the schemeqgvided in figure 3. The model has been calibrated by the mean of a large set given

by six months of continuous water flow data at the two network inflow nodes and correspondent pressure and
flow data in 6 nodes distributed inside the network. The datédéen collected on hourly basis.

The only parameter that has been considered in the calibration process was the pipe roughness and the
calibration has been performed by the least square method fitting the simulated pressures and flows in the
network intenal nodes with the measurements. Figu#esBows the calibration results. The relative pipe
roughness obtained from the calibration was equal to 0.64 mm.
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Figure 24: Modelling calibration results

The model has been firstly run in order to analyse presglistribution over the network in continuous and in
intermittent distribution condition in order to identify the different network behaviour in the two situations.
Afterwards a long term analysis has been performed over a service cycle in order tie és@rreequities in

water distribution when the network has been subjected to intermittent distribution.

As discussed above, network diameters are largely overestimated with respect to the real need of population.
The design user water demand is in fdoiast two times of the real population needs. For this reason, in
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ordinary conditions the network is characterised by low water velocities and correspondently high pressures.
The high pressures on the network caused in the past high leakages and,réarsthis pressure reduction
valves have been introduced for reducing the problem (fighireA2 discussed above, the level of leakages
did not allowed to maintain continuous distribution (at least in summer period) in the last 5 years and
intermittent distibution on daily basis was introduced as a common practice convincing the users to build up
local private reservoirs with schemes presented in figure 25.

Water head [m]
-« 18-25
e 25-30
e 30-35
e 35-40
@® 40-50

Figure Z: Water head distribution over the network

The network was analység the mean of a lorterm simulation, with a time step equal to one hour, involving

a whole service cycle in intermittent distribution condition. In this simulation, water resources availability is
considered equal to the demand (intermittent distributdoadopted only for leakages reduction) so the
iniquitous water supply is due to wrong distribution of resources among users. Index EQ1 was computed for
the whole period and for each network node. The index EQ2 was computer for each node and eazh analysi
time step.

The analysis of equity index EQ1 shows that in intermittent conditions the inequity in water volumes
distributed to users are limited within 15% (figut®.2This number can be considered acceptable because it
does not generate a great compi@s of user water consumption, but it has to be stressed that this value has
been generated in a condition where water supply would be able to fully satisfy users demand.

EQ1

-15% - -10%
-10% - -5%
-5% - 0%
0% - 5%
5% - 10%
10% - 15%

OQooce0@®

Figure 26: Distribution of EQ1 values over the network

The analysis of index EQ2, on the contrary, demonstrated that, in the first part of the service day (just after the
restart of the water service), the lower nodes drain the most part of the available resources for filling their local
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reservoirs showing vaes of EQ2 near to 250%; in the meantime, at higher elevated nodes, water is still not
available and EQ2 values are near to zero (fi@deg. When lower reservoirs are filled (figu2eéb), water
resources are available for elevated nodes that show Higgsvaf EQ2 while lower nodes (where reservoirs

are filled) show low EQ2 values. EQ2 is highly variable and it demonstrates that the network subjected to
intermittent distribution will work in conditions that are quite far from the design ones and aisdhfeo
operating conditions that take part in continuous distribution.

@) (b)

Figure 27: EQ2 values at the beginning (a) and at the end (b) of the service period

Preliminary Conclusions and future work

The methodology defines two performance indicatate to identify inequalities in water supply both
considering long term effect with user consumption compression and short term during the service cycle with
large variations in network hydraulic behaviour.

The application of the methodology to a realeatudy showed that intermittent distribution can greatly affect
both water availability for the users and the behaviour of the network. In the case study, even if water supply
would be sufficient for fulfilling user demand, intermittent distribution witate inequalities among users by
reducing water supply to high elevated nodes and increasing supply to lower nodes. The effect on the short
term behaviour of the network is much higher with differences with the ordinary continuous distribution
conditionthan can be higher than 200%.

The intermittent distribution has thus a great impact on users and networks. Users change their water supply
patterns with higher peaks (connected with the filling of local reservoirs) and large periods with very low
dischargs, and they can also receive higher or lower water volumes depending on their elevation and position
in the network. Intermittent distribution changes radically the behaviour of the network with parts of it that are
interested by flows that are much highikan the design ones and parts that are interested by almost null
discharges.

The next steps will focus on the application of a much larger network: Parma water distribution network that
was adopted in the RETURN project as the water POC.

Equality indic&ors will be validated and verified on the case study to understand their reliability on a larger
scale.

38



Finanziato (/ % Ministero .
dall'Unione europea T dell’'Universita ".l' [taliadomani

NextGenerationEU e della Ricerca

AN WAZIONALE
DI IFRESA E RESILIENZA

Drinking water distribution systems are vulnerable to external contaminant entry if there is a loss of physical
integrity, e.g. a crack in a pipe.

Water pipe contamination due to breaches is a significant concern for water supply systems, posing various
risks to public health and infrastructure integrity. Multiple factors contribute to this issue, including pipe
deterioration, pressure fluctuations, and external contaminants. Pipe breaches can lead to microbial and
chemical contamination through multipleeaihnanisms, particularly in developing countries where leaky pipes
and inadequate sanitation systems are more pre&8lekomoto et al., 2020). These breaches allow intrusion
of contaminated water, potentially causing public health hazards. Internabpipsian is another major issue,
leading to iron oxide deposits on pipe walls that can contaminate the water supply and cause health problems
such as gastrointestinal infections and dermatological i§Swes) et al., 2024). Interestingly, the arrangement
of water and sewer pipes in close proximity or in the same trench can exacerbate contamination risks, especially
when high vacuums are created in water ménswnell, 1935). Additionally, the degradation of water
supplies is linked to poor anthropogeaitivities, with contamination occurring due to the destabilization of
pipe material and deposits in the water distribution sy$8anib et al., 2022). This contamination can result
in serious health issues, contributing to a global death rate of 3idmpkople. In conclusion, addressing
water pipe contamination requires a multifaceted approach. Solutions include improved water quality
monitoring, interventions such as booster chlorinafffekomoto et al., 2020), and the use of advanced
technologiesike ultrasound and convolutional neural networks for pipe corrosion det¢8tiog et al., 2024).
Proactive pressure control in water supply networks may also significantly impact the reliability and
sustainability of these systerlaraArriagada & Stoiaov, 2021). Ultimately, upgrading water supply systems
and implementing water purification technologies are crucial steps in reducing water supply contamination and
protecting public healtfSaqib et al., 2022).

The main driver for an intrusion event tocac is the failure to maintain an adequate pressure in the
distribution system. Low and negative pressure events have the potential to result in intrusion of pollutants:
negative pressures create a suction effect inside the pipe and the contaminaphithiresigh pipe leaks
(Collins et al.,2013). These adverse pressure conditions may take place as consequence of pressure transients
and/or interruption of water supply and depressurisation of the system. Pressure transients (or water hammer)
are caused bgbrupt changes in the velocity of water; these are short duration events (typically last from a few
milliseconds to a few minutes) and may be caused by sudden pump shutdowns, power outages, and rapid
changes in demand. Distribution systems most vulnetaligrusion events are those with intermittent water
supply (Vayravamorthy et al, 2001). Water distribution systems are often operated on an intermittent basis
during water shortage period. This approach is widely adopted not only in developing cabatresffer
from chronic water shortage and lack of funds to invest in water supply (, but also in developed ones for solving
shortterm scarcity conditions, which can be caused by drought periods (Cubillo, 2004; Cubillo 2005).
Although intermittent distbution has some advantages in that it requires little financial efforts and reduces
background water losses, it leads to network operating conditions that are very far from the usual ones (De
Marchis et al. 2010; De Marchis et al 2011). The network isestdgj to cyclical filling phase and emptying
period during which the distribution systermuispressurisedind it may occur that pollutants enter the pipes
often characterised by integrity problems. In this periodstafynation,the microbial regrowth canbe
promoted, further compromising water quality (Cohelo et al. 2003). During distribution periods, these
pollutants are carried through the network to the poinise when the pipes become complefely and the
distribution system is in steady stateditions. For this reason, water is usually heavily chlorinatedintain
it potable.

Lindley and Buchberger (2002) introduced three requirements to be met for stating risk conditions to human
health due to contaminant intrusion: adverse pressure momlfthe driving force), a pathway (leakage points,
badly fitted joints, air valves, cross connections), and contaminant source. Previous researches found out that:
transient pressure waves and depressurisation period are the driving force of thenipmasess (Walski et
al., 1994; Gullick et al. 2004; Flemming et al. 2007; Besner et al. 2007) and the existence of contaminant in
the environment surrounding the water distribution network (LeChevalier et al. 2003; Karim et al. 2003).
Low/negative presse drives the contaminant in water distribution system through the most common pathway:
pipe cracks. The existence of the three requirements is not sufficient to quantify the risk of contaminant
intrusion: the interaction between them needs to be unddrstog@revious studies, the pathway has been
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considered a circular orifice, open to atmosphere, and the interaction (the contaminant intrusion flow rate) has
been simply modelled using the wkhown orifice equation (Kirmeyer et al., 2001). The intrusienurs as

soon as network water head drops below external head. This model results very simple but not exhaustive
because it does not take into account the effects of the surrounding soil conditions and of pressure changes on
the orifice size; the transienature of the flow through the orifice, the coupling of the intrusion flow and the
driving pressure, the fiatrusion of water that was lost during the leak process. Collins and Boxall (2003) and
Collins et al. (2010) modelled the intrusion of fluidiatpipe system through a circular orifice under steady

state conditions using Computational Fluid Dynamics (CFD). The pipe is buried in a homogeneous isotropic
saturated porous media and the intrusion has been considered from both water and soil sytteeipge.

The modelling and experimental results showed an excellent agreement with the orifice equation for water
surrounding the pipe, giving confidence in the CFD approach and that the presence of a surrounding porous
media decreases the intrusioovil rate from that predicted by the standard orifice equation. The st&ady

intrusion rate remained proportional to the square root of the driving pressure but the results also suggested a
greater dependency on the size of the orifice and that a monglicated function than a single discharge
coefficient is required in the orifice equation.

The brief literature review above reported denotes that intrusion of contaminant in water distribution system
resulting from low/negative pressures is a complexiphreenon that has been theorised and it is an active area
of research still now. The main difficulty is the lack of understanding regarding the interaction between the
pipe, the crack and the surrounding water and soil.

To improve understanding of the insfan process, this research presents the results of tests carried out on
a highdensity polyethylene looped distribution network at the Environmental Hydraulic Laboratory of the
University of Enna. The tests, aiming at appraising how and how much a coatérantering the network
through a pipe crack spreads out until the pofatise, were performed producing network operating conditions
that aid a contaminant enters the system (negative pressure due to a water hammer and atmospheric pressure
due to netwrk emptying in intermittent service). Samples of water volumes were taken atqiougs after
the contamination and the temporal pattern of the concentration of the contaminant used was obtained.

Lab experiments and setup
UKE Experimental setup: theBaratory network

The tests were carried out on a hidgnsity polyethylene (HDPE 100 PN16) looped distribution network
(Figure 28) at the Environmental Hydraulic Laboratory of the University of Enna. This laboratory network
has three loops, nine nodes ahelven pipes DN 63 mm, and it is fed by three water tanks that can store up to
6 n? overall. Each pipe is about 45 m long and is arranged in almost horizontal concentric circles, with bends
having a radius of 2.0 m, thus ensuring that the farsistancéosses due to pipe bend can be neglected. Four
pumps (P irFigure 28) supply the needed discharge from the recycling reservoir to the upstream air vessel
(AV in Figure 28), which behaves as a constant head tank, keeping the pressure constant and equal to a value
set by varying the speed of the pumps (total water head ranging from 10 to 60 m). The system is monitored
by: 7 electromagnetic flow meters (Mkigure 28); presure cells and mulfet water meters that are at each
node position where demands are assumed to occur. Four hand operated sphere valves are installed in pipe 1
2,43, 67, and 189 to control the flow of each loop. Node water demand is set by a regui@atitem by
Burkert (electropneumatic positioner controller, pneumatically actuated control valve, and water flow rate
transmitter) installed at each network node.
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Figure. 28. Layout of the network.

In the scope of distribution network pollution andyshe effect of a leak discharge into the atmosphere in
pressurised pipe systems was obtained by substituting a small portion of the6pipth4a trunk, about 70
cm long, sliced with longitudinal rectanguisinaped incision 20 mm x 1.5 mm. The pipeeventhe cracked
trunk is installed is horizontal. The leak discharges into a free surface tank. Thanks to a recirculation system
the leak discharges are pumped to supply water tanks. To evaluate the water volume lost, two electromagnetic
flow meters are plced 1 m upstream and downstreaml¢hé trunk (UD and DD in Figre 28). Pressure is
measured by means of a piezoresistive pressure transducer, located about 1 m upstream the leak. Pressure data
was used to evaluate the time history of water head vaitiise same position of the piezoresistive pressure
transducer, another pressure cell is installed to exclude measurement errors. The correct calibration of the
instruments was checked before each test. The pressure and discharge were acquired ssiyditaradidhe
tests.

1.1.Contamination tests

Two sets of tests were carried outatealysethe intrusion of contaminant through a pipe leak in water
distribution system resulting from low/negative pressures. In the first set (experiment 1), the intrtiseon of
contaminant chosen (a solution of water and NaCl with concentration equal to 105 g/l) occurred as a result of
a pressure transient (water hammer) that caused negative pressures. In the second (experiment 2), the intrusion
took placebecause ointermittent supply.

The water hammer was produced closing very quickly the valve installed in the pumps outlet pipe and then
turning off the pumping system beginning from network steady state condition. Two values of pressure at the
network inlet node were sai performthe test twice: 2.0 and 4.5 atm (experiment 1a and 1b).

As abovementioned, water supply may be periodically interrupted and the water resources rationed to cope
with chronic water shortage, lack of capital to invest in water service or for solvingtshmorscarcity
conditions. These distribution systems wittermittent supply (commonly found both in developing countries
and in developed one) are most vulnerable to intrusion events: the system is subjected to cyclical filling phase
and emptying period during which it isipressurisedand it may occur that pollutants enter the pipes. This
condition was performed turning off the pumping system that supplies the network in steady state condition at
the beginning of the test and user sdetmdewassetéquabn cl osed for 24 hours.
to 2.0 bar. The network emptied during the interruption of the supply and when the pressure became lower than
the water head in the free surface tank the contaminated water volume inside the tank, a solution of water and
NaCl havinga constant concentration of 105 g/l, enters the pipe through the leak. After 24 hours, the pumping
station was turned on, the pipes became completely full, the network reached the steady state conditions, and
the contaminant was carried through the nekworthe pointof-use.
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During the tests, the network was sectioned to get a linear path about 400 m long. Sampling of water volume
at different temporal intervals was carried out in two different nodes {pbimge) of the network and the
contaminant corentrations were measured: the node 9 and 3, about 50 and 250 m from the leak tank,
respectively. The solution of water and NaCl was dosed in two different way. In the first sets of tests, a gradual
release gear was adopted: it was made up of a vesséiettidihe solution, connected with a flexible pipe and
a valve controlling which the solution was dosed close to the rectangular crack. In the second sets of tests, the
solution was put in the leak tank.

The pipe flow ranged from 7.5 to 8.5%m as a fundbn of the pressure during the tests. The node water
demand was set equal to 0.7%m The sampling at the nodes was discontinuous: 73 and 76 samples were
picked up in 40 minutes in the first and second sets of tests, respectively. During the firsutes ithia
sampling was carried out at node 9, then, during the last 26 minutes, the sampling was performed at node 3.
These temporal ranges tlidaracterisethe total and partial duration of the sampling are a result of the study
of the traveler time of aater particle from the leak tank to the nodes 9 and 3. Sampling was performed with
different time step: the time step was shorter (1 sample/15 sec) when the concentration peak was expected; the
time step was longer, ranging from 30 seconds to 2 mimtteswise.

The contaminant concentration of each sample was derived by the direct measure of the conductivity. A
sampling of water volume before the contamination was carried out
contamination, the electric condivity of the water volumes sampled was measured by means of a multi
parametric bench meter. The concentration of the solution of NaCl was taken from the calibration line that
expresses the concentratioonductivity relationship. This curve was experinadigtobtained measuring the
conductivity of solutions of concentration known.

2. Results

The results of the experimental campaign described above are here presented. In the experiment 1, pressure
at the pumping station mains was set up to 2.0 atm (experibagrégnd an instantaneous pump block was
simulated (the valve installed in the pumps outlet pipe was closed very quickly and then the pumping system
was turned off). In a similar experiment (experiment 1b), pressure was set at 4.5 atm and, similarly, an
instantaneous pump block was simulated. In both cases, negative pressure transients were experienced. Figure
29 shows the water head recorded in node 4 and node 6, upstream and downstream of the cracked pipe, and
node 7 on the other side of the network dtstance of more than 300 m considering the length of enveloped
pipes. In the first case, the transient had an higher peak and shorter temporal evolution; in the second case, the
transient was longer with a lower peak.
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Figure. 29. Pressure tragients in nodes 4, 6 and 7 during experiment 1a (a) and 1b (b).

Figures29 and 30 show the conductivity and the correlated salt concentration in the two nodes during the
experiments. The transient process took part in a few seconds after the instargtopofishe pumps; the
contamination process started immediately with the suction of contaminants from the groundwater and the
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following propagation to the users node. Node 9 is only about 50 m downstream of the cracked pipe and the
contamination reacheti¢ node only 5 minutes after the beginning of the experiment. The concentration graph
is characterisetby a sharp peak with concentration equal to 600 mg/l. After 200 seconds, node 9 is no more
interested by contamination. After 28 minutes, contamination reached the node 3 (on the other side of the
network) with much lower concentrations even if the comtants reside at the node for more than 8 minutes.
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Figure 30. Water conductivity (a) and contaminant concentration (b) in nodes 3 and 9 during experiment 1a

During experiment 1b, contamination at node 9 presented characteristics similaericmerp 1a even if
with lower peak due to the smaller mass of contaminant that entered the network during the transient. The
longer transient and the high pressure oscillation produced more intense mixing of the contaminants inside the

pipes. As a conseqgnee, contaminants reached node 3 after only 13 minutes residing at the node for more than
20 minutes.

The analysis of transient episodes demonstrated that contaminants can enter the water system through pipe
cracks. The magnitude of contamination evenssristly related to the characteristics of the pressure transient
especially in the parts of the network that are far from the contaminant inlet.
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Figure 31. Water conductivity (a) and contaminant concentration (b) in nodes 3 and 9 @upegment 1b

A following analysis was carried out considering intermittent network supply. As mentioned above, such
practice is adopted by water managers in water scarcity and water distribution networks are operated
intermittently in order to reduce leages. Usually intermittent supply is operated on daily basis so leaving
pipes empty at atmospheric pressure for 24 hours. Experiment 2 was designed to simulate such condition: after
nor mal operation, the pumps wer2dhosrk; duringsuchHpermthtie user sé connection cl os
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tank containing the cracked pipe was filled with water, having a NaCl concentration of 105 g/l, in order to keep
the water level constantly 10 cm higher than the pipe. After 24 hours, the system was started agaia and use
reconnected collecting data about contaminant concentration. BRjsh@ws the contaminant concentrations

in the same two nodes considered in experiments 1a and 1b:

1 concentrations peaks are higher due to the larger mass of contaminants that entestudoattk in 24
hours;

1 the contamination process is similar to experiment 1a with the contaminant reaching node 3 after 28
minutes and lasting for 12 minutes;

1 the mixing process inside the pipe is not relevant due to the slow inflow process of contamiétetsd
into the pipes.
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Figure32. Water conductivity (a) and contaminant concentration (b) in nodes 3 and 9 during experiment 2.

Conclusions and future work

The present research shows the results of an experimental campaign aimed toatiereeéjootable water
contamination in water distribution network due to the presence of leakages. Contaminants, coming from the
sail, can be introduced in the pipe during transients with negative pressures or during periods in which pipes
are not supplié and partially empty (for maintenance or intermittent distribution). Two series of experiments
were carried out considering the two possible phenomena.

Experimental results showed that intermittent distribution can allow a large anfaorttaminants inside
the pipes. Contaminants got into the pipe by means of infiltration when the pipe was partially empty and the
service was discontinuous. The pressurisation of pipes ejected part of the contaminants from the pipe but a
large amount maained in the pipe and it was supplied to the users. The physical process was similar in the
case of transients involving negative pressures but the temporal scale of the process was much smaller and the
amount of contaminants flowing into the pipe was lfnaThe contamination was still present and it could
produce risks for the users but it was strictly related with the extension and the magnitude of the negative
pressure transient.

Intermittent supply is surely the most relevant cause of distributibvonie contamination because of the
longer time in which contaminants can enter the pipes and mix with potable ones: peak contaminant
concentrations and masses was much higher than those obtained during transients. On the other side, transient
contaminatiormay be mitigated by positive pressure oscillation that may eject contaminants through the pipe
cracks. The effects of the surrounding soil conditions is not considered during these tests.

In the present experimental campaign, a soluble contaminant veblsuisarther analyses have to be carried
out including non soluble contaminants and suspended contaminants in order to evaluate the possible impact
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on population. Moreover, the fate of contaminants in the looped network will be investigated by testialg sev
demand patterns at the peoftuse.

In the future, the experimental campaign in lab will be expanded and a more realistic an reliable model will
be implemented in order to better represent the real processes.

Soil water repellency (SWR) affects soil hydrological properties and processes such as soil water retention,
water infiltration, runoff and, congeently, soil erosion. Many factors have been shown to influence local
measurements of SWR, such as soil water content, organic matter content, clay and sand percentages and depth
along the soil profile. Wildfire is also reported to be an important fabairdetermines an increase of SWR

not only at the soil surface but also in the first centimeters of the soil profile. Consequently, determining the
vertical profile of SWR after a wildfire is essential for understanding-fi@stlynamics and implementing
effective land management strategies. In this context, four areas in the Natural Reserve (RNO, Riserva Naturale
Orientata) of Monte Pellegrino, in Palermo, were selected. A large portion of the RNO of Monte Pellegrino
was affected by a wildfire in 2016 @parts of the RNO were affected by anothing wildfire in summer 2023.

The aim of this investigation was to characterize SWR in different areas of the RNO by the WDPT (Water
Drop Penetration Time) technique.

Materials and Methods

Undisturbed soil samplesere collected in October 2023 from four areas within the Monte Pellegrino RNO,
located in the municipality of Palermo. In particular, the following areas were sampled: 1) area A, already
investigated by Tinebra et al. (2019) and Bagarello et al. (202@kich the wildfire occurred exclusively in
2016; 2) area B, in which a wildfire only occurred in 2023; 3) area AB, in which wildfires occurred both in
2016 and 2023; and 4) area C, that was not affected by any recent wildfire.

Table6: Location and chaacteristics of the wildfire areas

area A area B area AB areaC
Coordinates 38#}0962 38A11063 38A1096C 38A}1061
13A2161 13A20062| 13A2164 13A206067
Elevation 282 ma.s.l. 325ma.s.l. 289 ma.s.l. 353 ma.s.l.
Exposure SwW W E w
Wildfire 2016 2023 2016 and 2023 NO
Forest cover Present Present Absent Present
Vegetation C. sempervirens,| C.sempervirens,| P.setaceum, A| P. halepensis
species P. halepensis P. halepensis alba
Litter Present Present (burned) Absent Present

After manually removing the litter, with efforts to preserve the integrity of the soil surface, undisturbed samples
were collected using stainless steel cylinders with a diameter of 8 cm and a height of 5 cm from the top 5 cm
of soil. Fifteen samples wemmllected at each area. The soil samples were sealed on both ends with plastic
caps and wrapped in plastic film. Once transported to the laboratory, they werediuntil they reached
equilibrium. During transport, a soil sample collected at the areea® lost, so only 14 samples were
considered for this area. Nearlyp4kg of disturbed soil were also collected at each area at the same depth for
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then performing other laboratory analyses such as textural analysis and determination of soil organic matter
content.

In the laboratory each sample was weighed to then determine the soil water content at the sampling time. Then,
the SWR was measured by the WDPT technique. Measurements were carried out at the soil surface but also
at established depths of the fi@ In particular, WDPT was measured at 0, 1, 2, 3 and 4 cm. At this aim, the
cylinders were placed on a plastic plunger and held upright by wooden supports of varying heights depending
on the considered depth. The excess soil was removed with a keif@afforming the measurements at a

given depth. For each depth, 10 drops of water were placed on the exposed soil surface and the infiltration
time of each drop was measured. Therefore, for a given area, a total of N = 150 WDPT values were collected
for each depth. In some samples it was not possible to characterize all depths due to the presence of large rock
fragments that obstructed the proper cutting procedure. During each phase, all material was gathered to
preserve the integrity of the sample contafter testing. Subsequently each sample was dried in an oven at
105°C for 24 hours to determine its initial water content. The soil was classified as wettable, WET, WDPT <5

s; slightly water repellent, SLI, WDPT =@ s; strongly water repellent, STRDNT = 60600 s; severely

water repellent, SEV, WDPT = 668500 s; and extremely water repellent, EXT, WDPT >3600 s. Additionally,

the four soils were characterized for their clay, sand, and organic matter content.

Table7: Soil characteristics of the areas.

area Clay % Sand % O.M %
A 26.0 21.8 6.1
B 12.2 35.8 16.5
AB 26.5 13.3 5.5
C 27.6 14.9 13.9
Time effects

The soil of the area A was sampled in two previous investigations on water repellency following the 2016
wildfire, aimed at evaluating the effects of the fire on SWR and the subsequent temporal changes. Specifically,
WDPT tests were conducted in the field, first in August 2016 and then in two experiments in May 2017
(Tinebra et al. 2019). During the 2016 istigation, the area exhibited high levels of water repellency (EXH

and SEH classes), a condition that persisted in 2017. The authors suggested that the time required for the soil
to return to its initial wettable conditions depends on the severity cldbe &ife. For the soil of the area A,

which experienced a particularly severe fire, a year was insufficient for a return to undisturbed conditions.

In 2018, additional experiments were conducted in the same area by Bagarello et al. (2020), revealing water
repellency in only two cases, although at a lower level (STR), whereas in five out of seven cases the soil was
wettable (WET). The results from Bagarello et al. (2020) suggested that the wildfire effects tended to disappear
or at least to appreciably dease two years after the wildfire.

The 2023 sampling supported this interpretation since the soil exhibited a complete wettability (WET class).
Seven years after the fire, a complete return to conditions of full wettability can be expected. The conditions
altered temporarily by the 2016 fire, whose effects extended for at least a year, had largely disappeared by
2018 and were completely gone by 2023.

Water repellency profiles

To characterize the water repellency profiles of the soil at each samplethar@&DPT data were grouped

into 20 subsets according to both the area (A, B, AB, C) and the sampled depth along the profile (0, 1, 2, 3, 4
cm). Initially, the Lilliefors (1967) test was applied to each data subset to determine whether the distribution
of the WDPT values was normal. Additionally, the same test was applied to the logarithmically transformed
variable to assess lognormality. In both cases, the null hypothesis of normality and lognormality was
consistently rejected. Due to these results, eabBesuvas characterized by a median value, which was
assigned to a water repellency class considered representative of tHemheaombination. The interquartile

range was also calculated to provide an indication of data variability within each subset.
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Table8: The interquartile range of the areas

Depth area A (2016) area B (2023) area AB (2016 and area C (NO)
2023)

(cm)
Median IQR | Median (s) IQR Median (s) IQR Median (s) IQR
©)

0 1 (WET) | 5.75 | 2610 (SEV) | 6405 4 (WET) 5 1020 5370
(SEV)

1 1(WET) | 1 13020 13245 | 15 (SLI) 27 2220 6705
(EXT) (SEV)

2 1 (WET) 2 9900 (EXT) | 17505 30 (SLI) 105.25 | 900 (SEV) | 4212.5

3 1(WET) | 5 |2970(SEV) | 127725 | 35 (SLI) 167.5 | 30(SLl) | 1455

4 1(WET) | 3 | 195(STR) | 4422 32 (SLI) 1005 | 12(SLl) 37

Notable differences betwedine four areas were noticed. In particular, the area B exhibited the highest water
repellency (generally SEV or EXT at the different depths), followed by the area C (SEV; SLI only at the largest
depths), the area AB (SLI or WET) and finally the area Acihivas entirely wettable (WET). The interquartile

range (IQR) values revealed a substantial variability across all soils except for the area A.

Differences between SWR levels for the four areas did not appear explainable by soil textural characteristics
since soils with a similar clay content (A, AB and C; cl =Z8%) differed appreciably by the SWR level
(negligible for the soil A, moderate for the soil AB and appreciable for the soil C). Moreover, high SWR levels
were detected for both high and low sgmicentages (B and C soils: 36% and 15%) but not for intermediate
sand content values (A soil: 22%).

Instead, the two soils with the highest water repellency, B and C, also had the highest organic matter content
(16.5% and 13.9%, respectively). The twaslesmterrepellent soils, A and AB, exhibited lower organic matter
contents of 6.1% and 5.5%, respectively. Therefore, an effect of the soil organic matter content on the SWR
cannot be excluded. These observations are consistent with prior researchdesftifles organic matter as

a critical factor in soil water repellency due to its hydrophobic particles (Wallach 2005, Taumer 2005,
Nashrolla 2017, Fu 2021).

The investigation also showed that SWR may affect a rather large upper {dyam thick,althoughthe soil

was burned or not.

Future activities
- Improving the analysis of the vertical profiles of SWR;
Testing the effect of the soil water content on SWR;
Analysing the sample size effects on determination of SWR;
Repeating field sampling at some of the already considered areas to improve description of time
effects on SWR.
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Drought indices are quantitative tools used to charaetetrought by integrating data from one or more
variables into a single numerical value, reflecting aspects such as intensity, onset, termination, duration, and
severity. These indices are operationally valuable for drought detectiortjmreamonitoring impact
assessment, forecasting, and supporting the declaration of drought levels, which trigger risk management
actions (Zargar et al., 2011). Given the absence of a universally accepted drought definition, no single index
is applicable to all drought pes, climate conditions, or affected sectors (Svoboda et al., 2016). Statistical
indices are the most widely used tools for detecting drought events. However, they often overlook key factors
that may drive actual impacts, which are ultimately shaped bgnglex mix of social, economic, and
environmental factors. This Activity aims to enhance traditional drought detection by developing new impact
based drought indices through machine learning algorithms. These indices are designed to better correlate
obsened impacts of extreme droughts with potential drivers of these events, including climatic,
meteorological, and hydrological variables across various spatial and temporal scales. The methodology is
demonstrated using a case study of the Adda River basirsifig on the multisectoral impacts of drought on
agricultural production, hydroelectric generation, and the recreational and ecosystem services associated with
Lake Comods | ow water |l evels.

The Adda River basin

The Adda River Basin, located in northern Italy, consists of the catchment area upstream of Lake Como,
covering approximately 45,000 km2, and the agricultural districts downstream, which rely on irrigation from
the Adda River, encompassing about 1,300 &Mméultivated land. Like most sedlpine regions, the basin
experiences two dry seasons in winter and summer, with wetter periods in late spring and autumn, driven by
snowmelt and rainfall, respectively. Snowmelt from May to July is the primary contritautbe seasonal
storage of Lake Como, which is crucial for meeting irrigation demands during the summer peak that typically
exceeds natural water availability (Figu38). Since 1946, the lake has been regulated by the Consorzio
dell'’Adda, which operatethe dam at Olginate (southeast branch of the lake), trying to balance two main,
competing objectives: water supply (primarily for irrigation and hydropower generation in nhoé-thusm
river power plants) and f | o otin, localauthoritids reeehtly stagtedttoh e |
consider the regulation as a means for preventing extremely low lake levels that negatively impact on
recreation (e.g., tourism, navigation) and ecosystems services.
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Figure 33: Main components of the hydrologiacycle in Adda River basin.

The FRIDA method
The definition of impacbased drought indices relies on the Framework for hidesed DroughtAnalysis
(FRIDA; Zaniolo et al., 2018), which is structured in three main steps:

1. Identification of basin characteristics
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The initial step involved selecting a target variable and gathering potential predictor variables. The
target variable is a representative proxy for drought impacts within the basin. The predictor dataset
comprises candidate features tolicgie the target variable, including observed hyaheteorological
variables across various spatial and temporal scales.

Feature extraction

The second step focused on selecting relevant subsets of variables that best explained the target
variable. This wa achieved using an advanced feature extraction algorithm, specifically the Wrapper
for QuasiEqually Informative Subset Selection {QEISS; Karakaya et al. 2015). A medtbjective
evolutionary algorithm, Borg MOEA (Hadka and Reed, 2013), was employeducsively explore

the input space of candidate predictors and identify Pafétdent subsets based on four objectives:

(i) accuracy, (ii) cardinality, (iii) relevance, and (iv) redundancy. A regression model based on Extreme
Learning Machines (ELM, Hang et al., 2012) was used to compute the predictive accuracy of each
subset, with the iterative process continuing until the termination criterion (number of iterations) was
met. Lowaccuracy solutions were discarded, resulting in a set of-ggasily @curate subsets from

the WQEISS algorithm.

Drought index modeling

After selecting the preferred efficient solution within the set of gagsally accurate subsets, an
appropriate model is fitted to the sample of selected inputs and target variable.

Experimental Settings
The pool of possible predictors consists of time series of different hydroclimatic variables over the Adda River
basin, subdivided into upstream and downstream areas with respect to the lake. Specifically, we consider:

Level and inflow dta of Lake Como obtained from the Adda Consortium (authority in charge of the
lake regulation).

Snow depth and snow density, obtained from ERABd.

Precipitation data from the APGD (Alpine Precipitation Grid Dataset).

Temperature data from8&BS, a day gridded laneéonly observational dataset over Europe.

Regarding the target variables, 3 variables are used as proxy of drought impacts across 3 different sectors:

HYDROPOWER: the deficit between the lake release and the maximum water allocated te the ru
of-the-river hydropower plants equal to 158/8) subject to the minimum environmental flow required
along the Adda River.

RECREATION: the water level deficit computed every time the lake level falls below a specific
threshold {0.2 m).

AGRICULTURE: theFraction of Absorbed Photosynthetically Active Radiation (FAPAR) anomaly
index. FAPAR is a biophysical variable derived from satellite observations and monitored by the
European Drought Observatory (EDO), which measures the proportion of incoming sialéomand

the photosynthetically active radiation (PAR) range (200 nm) that is absorbed by the vegetation
canopy of a particular area. Hence, the higher the FAPAR, the higher the photosynthetic activity,
indicating a better state of vegetation. In gesse, the FAPAR anomaly (FAPAN) can be considered

a proxy for drought impact. In this case, only the downstream area has been taken into account, where
the agricultural districts are located.

Summarizing, the resulting dataset is cosgd of 26 features, as listed in Talé\ll the data are resampled

to 1-month temporal resolution. Because the FAPAN index (target variable for the agricultural sector) is
available only from 2001, the length of the time series is equal to 216 sgmplethly values between 2001

and 2018).
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Table9: Set of candidate input features and target variables f@EVSS.

[ Feature type | Feature name | Type of aggregation | Time aggregation [months] |
level mean 1-3-6
inflow mean 1-3-6
Predictors Precipitation (prec) sum 1-3
Temperature (temp) mean 1-3
Snow density and snow depth mean 1-3-6
deficit (hp) mean 1
Target variables deficit (level) mean 1
FAPAN mean 1

For what concerns the \@EISS, the experimental setup was as follows:

- The Borg MOEA conducted 50,000 function evaluations.

- The ELM used 30 hidden neurons with a sigmoidal activation function.

- A 10-fold crossvalidation process was repeated 10 times, and the average Symmetric Uncertainty values
from the 10 experiments were used to estimate model accuracy.

- The WQEISS expament was run 10 times to account for the random components in the search, with the
final results obtained by merging the Pareto fronts from each run into a final setddmamated solutions.

Numerical results

The Selection Matrices obtained by runniWgQEISS are reported in FiguBd for each impacted sector (i.e.,
hydropower, recreation, agriculture). They include subsets of predictors with accuracy values within a 20%
range with respect to the highest one. The alternative subsets are sorteddimgsweler of cardinality (from

top to bottom), and accuracy (within each cardinality level). A colored marker is placed at the intersection
between the row identifying a given subset and the columns corresponding to the selected predictors. The
marker cobr varies with the cardinality of the subset, with lighter shades of gray indicating smaller subsets.
The highest accuracy is reported in red and recorded for subsets number 10, 2 and 5 in the three experiments.
Moreover, the vertical bars traced by joigpimarkers across multiple rows provide information about the
relevance of a predictor. For instance, the uninterrupted bar associated with fiofltve hydropower sector
(Figure34a) indicates that this variable is a strongly relevant predictor thabthe substituted by other input
combinations without incurring a substantial drop in predictive accuracy.

Among the quaséqually informative subsets reported in Fig@re we selected the most accurate ones as
they have a relatively low cardinality @mclude highly relevant predictors.

Starting from thénydropower sectofsee Figur@4a), the selected variables include leyiflow: and inflows,

which are the most relevant ones that are the most directly connected to the considered impgutsithande

the water release by the lake. Besides, two tempereglated variables (tenymown and tempdown) are
selected as they improve the model accuracy with respect to the first subset in the selection matrix which rely
only on three predictors.

For therecreation sectofFigure 34b), the most relevant variable is leveThis is not surprising since the
considered impact is computed as a function of lake level. In additieQEV8S suggests selecting snow
densitg-up as a second predictor, likely bese this latter relates to the daily variability of the lake level and

the corresponding impact on recreation since the deficit of lake level has been computed comparing the daily
values to the threshold.

Lastly, the selected variables for thgricultural sector(Figure 34c) are the following: inflow;, pree-up,
temp-down and snow depttdown. The first two variables are likely capturing the water availability for
irrigation, while the temperature and snow information in the downstream ardaesntty influencing crop

growth processes. It is important to highlight that in this case the accuracyQ&I865 is much lower than

for the two other sectors. This anomaly can be explained by the considered impact variable, i.e. the FAPAN
index derived fom satellite information, which is less connected with the available candidate predictors.
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Figure 34: W-QEISS selection matnces for the hydropower (panel a), recreation (panel b) and agriculture
(panel c) sectors.

The new impaebased droughhdex is represented by the best model structure that uses the variables selected
by W-QEISS to reproduce the target trajectory as closely as possible to the observ@dnazeening model

class choice, on one hand Artificial Neural Networks (ANNSs) prosid®od balance between accuracy and
flexibility. However, since they are bladdox models, their interpretation is not intuitive. On the other hand,
interpretability of linear models is easy and immediate to be understood in its physical meaning,ttheigh a
price of lower approximation skills. For these reasons, in the third step of FRIDA we explored both models.
For the ANNSs, hyperparameters were tuned via trial and error for determining the best architecture in terms of
number of nodes and layerstire case of hydropower and recreation sectors, we uséyar8 network with

five nodes in each layer; conversely, for the agricultural sector, we preferred aayeglarchitecture with

30 nodes.

The accuracy of the new impdauased drought indicés measured in terms of Pearson correlation (PCC) and
coefficient of determination (R2) using the samefdlfl crossvalidation scheme of YQEISS (see Tabl#0).
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Even if the linear model performs well for the hydropower sector, in general the ANN argleisemtitperform

the linear indices in both metrics for all the sectors. The trajectories of thebaSéd indices are illustrated

in Figure35. It is clear that the FAPAN index (FiguB&c) is the most difficult one to reproduce, with the
FRIDA index thattends to return negative peaks exceeding the observed data. However, it seems to have an
acceptable accuracy in the range of values betwkeamd 0, thus suggesting some potential for detecting
months with droughinduced stress on the vegetation albeih approximated in estimating the intensity of

such stress.

Table10: Performance in crossalidation of the FRIDA indices with alternative model structures across the
three considered sectors.

HYDROPOWER RECREATION AGRICULTURE
Model PCC R2 PCC R2 PCC R2
Linear 0.88 0.77 0.53 0.28 0.25 0.04
ANN 0.97 0.95 0.95 0.90 0.59 0.15
(a) HYDROPOWER (b) RECREATION

Observed hp defict Observed loves deficit
Predicted hp deficit Predicted level deft

2
level doficit [m]

29 v
2001 2002 2000 2004 2006 2006 2007 2008 2000 2010 2011 2012 2013 2014 2018 2016 2017 2018 2019 2001 2002 2003 2004 2005 2006 2007 2008 2000 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year year

(c) AGRICULTURE

Ovserved FAPAN
Prodicied FAPAN

4
2001 2002 2003 2004 2006 2006 2007 2008 2009 2010 2011 2012 2013 2014 2016 2016 2017 2018 2019
year

Figure 35 Trajectories of the observed target and of the predicted one for the hydropower (panel a),
recreation (panel b) and agriculture (panelsgctors.

52



Finanziato (r % Ministero .
dall'Unione europea | {1755 dell’Universita l Italiadomani

NextGenerationEU e della Ricerca

AN WAZIONALE
DI RIFRESA E RESILIENZA

Conclusions and Next Steps

Drought indices integrate multiple variables to quantify drought events, facilitating detection, monitoring, and
impact assessment across sectors. Traditional statistical indices, while commonly used, often kayerlook
socioeconomic and environmental factors that influence drought impacts. The FRIDA methodology
developed in this study introduces imphaessed drought indices for the Adda River basin, applying Machine
Learning to link drought impacts with relevantiables like lake levels, snow depth, and temperature. The
FRIDA indices for hydropower, recreation, and agriculture shed light on sgmoific connections between
drivers and impacts, while providing good accuracy in detecting drought impacts. fasesech will focus

on better understanding the role of the variables selected by the feature extraction algorithm and on exploring
the potential for predicting/projecting the FRIDA indices to support drought management in the region.

Drought is a natural disaster, occurring locally or regionally, that impacts agricultural, hydrological, and
socioeconomic groundwater systems (Dracup et al., 1980; Wilhite and GlantzMi8i%; and Singh, 2010).
Climate change is expected to intensify climateteorologicahydrological processes that can trigger severe
drought episodes in certain environments (Longobardi et al., 2021). Consequently, the progression of drought
has becoma topic of extensive discussion and analysis in recent years across various regions worldwide. Italy
is vulnerable to drought, yet data from rain gauge stations often lack the temporal consistency and spatial
resolution needed for effective drought analy$Vhile global weather datasets provide additional data, their
coarse resolution is insufficient to capture the high precipitation variability in southern Europe. In this context,
long-term in situ measurements are essential for understanding past drangjtibns, including their severity

and recovery time, aiding in forecasting and planning mitigation and adaptation strategies for future climate
change (Bonaccorso and Aronica, 2016; Marini et al., 2019; Longobardi et al., 2021).

Monitoring drought dynanics across multiple time scales enables the identification of both immediate impacts,
like quick-onset droughts that can damage crops, and ldegerwater shortages that impose ongoing stress

on water resources.

As climate change intensifies these obadles, the need for robust, scalable drought assessment methods
becomes increasingly apparent (Xu et al., 2024). To further capture these dynamics, thiéevidalh and

Sen's slope tests were applied to evaluate the significance and magnitude of bothaadnuanthly
precipitation as well as SPI patterns across multiple time scales. Furthermore, spatial patterns of drought
characteristics were analyzed by assessing the probability of occurrence, drought duration, severity, and peak
values across differe®P| thresholds, following the run theory (Yevjevich, 1967).

The study's findings, offering detailed spatial and temporal characterization of drought conditions in the
Sardegna region, provide crucial information for developing sustainable and efficiezt neaource
management strategies.

Objectives

The first aim of this study is to provide a detailed assessment of drought dynamics across Sardinia by
integrating the Standardized Precipitation Index (SPI) over multiple temporal scales. The SPI is widely
recognized for its adaptability across time scales (Mishra and Singh, 2010; Van Loon, 2015, Longobardi et al.,
2021) making it i deal for capturing the wvarious
management, and ecosystem health. Thrahghmultitemporal approach, the study aims to enhance our
understanding of the frequency, severity, duration, and peak conditions of drought events across 120
catchments over a centennial period from 1922 to 2023.
The specific objectives of the studyaas follows:

To calculate SPI over eight temporal scales (1, 3, 6, 9, 12, 24, 36, and 48 months) for Sardinian
catchments, allowing for the assessment of steon to longterm drought impacts (Corbari et al., 2024).
A To analyze the variability in dught metrics, such as duration, severity, and frequency, across different
temporal and spatial scales, providing insights into how drought affects various sectors differently
(Gebremichael et al., 2024).
A To explore the implications of these drought pattdor water resource management and the potential
integration of SRbased assessments into drought early warning systems (DEWS).
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By addressing these objectives, this study <contributes to a deeper

dynamics, which is eential for developing responsive drought mitigation strategies and supporting adaptive
water management under changing climatic conditions.

Methodology
Data Collection

The dataset used in this study encompasses precipitation data from 120 catchments across Sardinia (Figure
36), covering a period from 1922 to 2023. This extensive temporal coverage allows fategthiranalysis of
long-term drought trends and patternshin the region. Data quality control measures were rigorously applied

to ensure the reliability and accuracy of the precipitation records. These measures includedeckisg

data consistency, identifying and handling missing values, and removinghamalaus entries that could

skew the drought analysis (Corbari et al., 2024). The quadityrolled dataset serves as the foundation for
calculating drought indices and performing trend analysis, providing a reliable basis for evaluating drought
dynamicsover nearly a century.
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Figure 36. Studied Area

Drought Assessment Tool - Standardized Precipitation Index (SPI)
The Standardized Precipitation Index (SPI) was selected as the primary tool for drought assessment due to its
adaptability andeffectiveness across various temporal scales. The SPI quantifies drought by measuring
deviations in precipitation from the historical average, allowing for straightforward comparisons across
different periods and regions (Ukkola et al., 2020). This indag @hosen for its ability to capture different
types of droughts (e.g., meteorological, agricultural, and hydrological) based on the selected timescale
(Gebremichael et al., 2024). SPI 0 saridfrdgiens iikébardiniat y makes it particularly
where both shoiterm and longerm droughts pose significant challenges for water management and
agriculture. By calculating SPI values over multiple time scales, this study can comprehensively evaluate how
drought impacts vary over time and @&s different regions of Sardinia.
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To capture the diverse nature of droughts and their varying impacts, SPI was calculated over eight temporal
scales: 1, 3, 6, 9, 12, 24, 36, and 48 months. Shorter time scales, such as 1 and 3 months, are used to capture
rapid-onset drought conditions that primarily affect agriculture and ¢bort water availability (Leng et al.,

2022). Intermediate time scales, like 6 to 12 months, reflect seasonal and annual drought trends, which are
relevant for evaluating agriculturplanning and water resource allocation (Xu et al., 2024). The longer time
scales of 24 to 48 months capture prolonged drought conditions, which can impact regional water storage and
long-term ecosystem health (Villegas et al., 2024). This rweiftiporal @proach provides a holistic view of
drought dynamics, from immediate effects to prolonged water deficits.

To assess lonterm trends in precipitation and drought characteristics, a trend analysis was conducted using
the MannKendall test, a noparametrianethod commonly used for detecting monotonic trends in time series
data. This was applied to both annual and monthly precipitation records from 1922 to 2024. Additionally, the
SPI at each of the eight selected time scales (1, 3, 6, 9, 12, 24, 36, andtd8§) moderwent a trend analysis

to evaluate changes in drought conditions over time (Ukkola et al., 2020; Gebremichael et al., 2024).

The Sends sl ope est i matkendalltest ® quartify the neagnivudepsthese &rendsh e Ma n n
This robust nonrparametric technique calculates the slope of each pairwise data point, providing a median
value that indicates the trend's magnitude without being overly sensitive to outliers. Together, these analyses
allow for a comprehensive understanding of goitation and drought patterns across Sardinia, contributing
valuable insights into both seasonal and ergn trends that are crucial for drought management (Corbari et

al., 2024).

Key drought metrics were calculated to provide a detailed profile of Htalngracteristics across Sardinia.
These metrics include:

A Duration: The length of time a drought event persists, which affects water resource planning and
agricultural resilience.
A Severity: The intensity of drought conditions, measured by the defrdeviation from normal

precipitation levels, indicating the potential impact on ecosystems and water supplies.

Peak: The maximum intensity reached during a drought event, which is critical for understanding the
worstcase scenarios and preparing forexte conditions.
A Frequency: The recurrence rate of drought events, which influences the planning and allocation of
resources for drougtgirone areas.
These metrics allow for an-mepth examination of how droughts vary across time and space, providing
insights into the potential impacts of drought on agriculture, water resources, and broader environmental
sustainability. By analyzing these metrics at different temporal scales, the study offers a comprehensive
perspective on drought patterns in Sardiféajlitating the development of tailored management strategies
(Leng et al., 2022).

Results

The SPI plots across various timescales (1, 3, 6, 9, 12, 24, 36, and 48 months) reveal ketimshiod long

term drought patterns across Sardinia, highlighsipatial and temporal diversity. Shtgtm SPI (33 months)
captures quiclonset droughts that irregularly affect specific areas, posing challenges for agriculture by
impacting crop resilience and irrigation. Medidemm SPI (612 months) shows sustathérought periods

that affect broader agricultural cycles and intermediate water management, with certain regions consistently
experiencing more severe droughts. Laegn SPI (2448 months) reflects extended drought conditions,
impacting regional water seurces like groundwater recharge and reservoir levels. Together, these maps
(figure 37) indicate that Sardinia faces both acute and chronic drought risks, which are essential for
policymakers to consider in adaptive water and agricultural managemeegissat
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Figure37. SPIl 6s patterns over different time scales

For the selected catchments over 100 km? in Sardinia, annual precipitation trends display a mix of increasing
and decreasing slopes, with significant and-sigmificant patterns across the island (FigB8g Significant

trends, marked in red, predominignshow a decline in annual rainfall, especially in larger catchments. The
magnitude of these negative slopes indicates a heightened drought risk over time for these extensive areas,
where a consistent reduction in precipitation could lead to prolongeet wearcity. In contrast, a few
catchments exhibit slight positive trends, suggesting relative stability, though these cases are less common.
The widespread negative trends across large catchments underscore the need for targeted drought resilience
strateges in vulnerable regions.
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Figure 38. Slopes of annual total precipitation for catchments over 100 km2

Larger catchments with significant negative slopes may require proactive drought management, such as the
development of alternative water sourcetianced storage infrastructure, and the adoption of ssaténg
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technologies. Given the extensive area of these catchments, the impacts of declining rainfall are amplified,
posing a challenge for maintaining water reliability across large populatiomgjgndltural zones. In contrast,
nonsignificant trends in some catchments indicate stable rainfall patterns; however, ongoing monitoring is
essential to capture any future shifts. Policy considerations involve supporting water conservation and efficient
irrigation practices, particularly in catchments with negative trends, and improving drought early warning
systems targeted to these large areas.

The monthly precipitation trends reveal seasonal variability that is particularly impactful in larger caschment
Winter months, notably December and February, show significant negative slopes across many large
catchments, indicating a consistent reduction in early and late winter rainfall (B®urghis decline could

reduce the initial storage levels and growatkr recharge in these higlemand areas. Spring also shows
negative trends in large catchments, especially in March, potentially affecting soil moisture crucial for
agriculture. Summer months generally show-songni fi cant sl ope stypicalllowgni ng with Sardiniad
summer rainfall, while autumn (particularly October) shows negative slopes in large catchments, reducing
water recharge opportunities before winter.
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Figure 39. Slopes of Monthly precipitation for catchments over 100 km2

The negativerends in winter and spring rainfall, especially in larger catchments, indicate reduced water
availability during key recharge periods. This is particularly concerning as these catchments support large
agricultural and population areas that rely on coestavater supplies. The decline in October rainfall shortens

the wet season, which is critical for replenishing reservoirs and groundwater in expansive catchments. Stable
summer rainfall trends underscore the importance of maximizing winter and sprifgjtatien to sustain
Sardinia's water needs across these large regionsorest.

35 highlights the results of the conducted analysisusingMaem dal | t est and Sends sl ope estimator, sho\y
a clear pattern of significant negative SPI slopes acrossetitftimescales (1, 3, 9, 12, 24, 36, and 48 months)

in many of Sardinia's larger catchments, indicated by red circles. This visual representation shows a reduction
in SP| values over time, indicating an increase in drought intensity and frequencylpdytiaffecting
expansive catchments over 100 km? that are vital for regional water resources. The results indicate a persistent
negative slope across all SPI periods, reflecting increasing drought conditions on boetharghdohgterm

scales.
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Shortterm SPI trends (1 and 3 months) in Figd@scapture quick shifts in moisture, impacting agricultural

cycles and immediate water availability. Furthermdhe longer SPI timescales (24 to 48 months) reveal
prolonged drought conditions that threaten water storage and groundwater recharge. The significant slope
magnitudes in larger catchments imply substantial reductions in precipitation, posing a risértsewarity

for broad areas. The lostgrm declines in SPI values, particularly in the, 6., and 48month timescales,
depicted in Figurd0, emphasize the urgency for comprehensive drought preparedness and water conservation
strategies to address chio water shortages in these critical catchments.

Based on the drought condition results shown in figdreve can summarize the patterns observed in drought
duration (DD), drought severity (DS), and drought peak (DP) across various SPI timescales:

In tems of duration, figurél indicates that drought duration tends to be longer in the central and southern
parts of Sardinia, where areas are shown in darker red, representing extended drought periods. As the SPI
timescale increases, the duration of drouglde increases, particularly in the-236-, and 48month maps,
signifying more prolonged dry conditions in these regions. This trend highlights the cumulative impact of
persistent rainfall deficits over longer periods, particularly in larger catchm&adstionally, central and
southern Sardinia experience the most intense droughts, with higher severity values indicated by dark brown.
Severity intensifies at longer SPI timescales, with the 2@, and 48month maps displaying darker areas,
suggestinghat these regions suffer from sustained, severe droughts. The increasing severity in these areas
implies that both water resources and ecosystems are more likely to experience stress, especially in larger
catchments where water demands are higher. Moreasevith severity, central and southern Sardinia show

the highest peaks, represented in darker red on longer SPI timescales (24, 36, and 48 months). These intense
peaks highlight the critical risk of severe drought impacts in larger catchments, whidhstain water

storage and groundwater recharge.
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Figure 41. Drought characteristics for different accumulation periods

Droughts in central and southern Sardinia, especially in catchments larger than 100 kmz2, are more likely to be
severe and experieador a long time. As SPI timeframes increase, the duration and intensity of droughts
intensify, demonstrating the cumulative impacts of prolonged low precipitation on water supplies. Drought
resilience methods must be targeted, with a focus ontkmng water storage, conservation, and adaptive
management in large, higlemand catchments most affected by these alterations.

Conclusion
The comprehensive analysis of SPI patterns and drought features in Sardinia reveals a clear and concerning
trend towardncreased drought intensity, frequency, and duration, particularly in large catchments over 100
kmz. The SPI slope results across multiple timescales show persistent negative trends, with significant declines
indicating both shorterm and longerm increaes in drought conditions. These patterns are significantly
correlated with observed drought characteristics, where mean drought duration, severity, and peak values
intensify as SPI timescales increase, highlighting cumulative impacts of prolonged I@uitatien. Central
and southern Sardinia are revealed as the most vulnerable regions, with large catchments experiencing longer
drought durations, more severe conditions, and serious drought peaks. This spatial distribution of drought
features indicates #t water supplies in these areas face sustained stress, affecting not only agriculture but also
overall water supply security. Shdaerm SPI trends reflect quick onset droughts, impacting immediate
agricultural needs, while loAgrm SPI trends highlighthronic water shortages that affect reservoir levels
and groundwater recharge.
The findings highlight the urgent need for integrated, radéile drought management strategies in Sardinia.
Measures such as improving water storage infrastructure, prometitey conservation, and enhancing
drought preparedness through early warning systems are essential to build resilience in the most affected
regions. Furthermore, lorigrm adaptation strategies, such as artificial aquifer rechargebader water
transer s, and drought resistant agricultural practices, will be crucial
largest and most aitsk catchments. This analysis provides a critical foundation for policymakers and water
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managers to prioritize and impleménaar get ed acti ons, ensuring Sardiniabs

drought conditions.

Drought is among the most impactful climasdated hazards, affecting ecosystems, agriculture,rwate
resources, and human societies, leading to significant-eaoimomic and environmental challenges (Vicente
Serrano et al., 2020; Mukherjee et al., 2018; Cook et al., 2015; Wilhite, 2016)-Hydeadogical drought, a
multifaceted hazard originating froprolonged meteorological droughts, escalates as precipitation deficits
propagate through catchment hydrology, compounding with seasonal societal water demands (Vorosmarty et
al., 2000; Sivapalan et al., 2012). While substantial research has exploredotngieal and hydrological
droughts, the cumulative nature of sebimrological drought remains underexplored, particularly in regions
dependent on reservoirs for water security (Chen et al., 2016; Di Baldassarre et al., 2015). This study addresses
thisgap by focusing on reservoir storage dynamics as indicators offsgahiological drought, dissecting the
interwoven effects of precipitation deficits, catchment responses, and human water demands. This
understanding is pivotal for developing effective ulsht management strategies that enhance resilience in
waterstressed areas, thereby supporting both ecological balance and water security (Van Loon et al., 2016;
Xu et al., 2019).

Widely used indices, such as the Standardized Precipitation Index (SPigrA2dought Severity Index

(PDSI), and Standardized Runoff Index (SRI), quantify meteorological and hydrological drought (McKee et
al., 1993; Palmer, 1965; Keyantash and Dracup, 2002). However, these indices do not fully capture the
behavior of reservoirtarage, which reflects not only accumulated precipitation deficits but also hydrological
processes and societal demands (Van Loon and Van Lanen, 2013; Déll et al., 2009). This study introduces the
Standardized Storage Dynamics Index (SSDI), a novel migitired to capture the soefydrological

drought characteristics of reservoirs. The SSDI is inspired by the SPI methodology, adapted to reflect reservoir
specific attributes, and offers a standardized measure for drought severity in reservoir systesig, th
enhancing reservoir management potential (Garcia et al., 2021; Hao et al., 2018). While many drought studies
rely on hydrological models or simulated data, these methods may not fully capture the complexity of real
world sociehydrological drought dyamics (Freeman et al., 2015; Zhou et al., 2013). This study addresses
this limitation by using only observational data from Sardinian reservoirs, grounding findings in authentic
drought propagation patterns that better represent local dynamics (Taktlkder2009; Brocca et al., 2014).

This approach provides a solid basis for crafting regjpecific drought management strategies informed by
historical responses.

Sardiniads dependence on reservoirs, c dyndeasonald wi t h

rainfall variability and extended dry spells, presents an ideal case for examinindngh@imgical drought
dynamics (ltalian National Institute of Statistics, 2020; Bergaoui et al., 2015). Although global drought studies
provide valuable isights, drought impacts differ significantly across regions due to local climate, topography,
and water management practices (IPCC, 2021; Dai et al.,, 2011; Maghami et al., 2020). By focusing on
Sardinia, this study provides a regispecific perspective #t highlights the unique challenges associated with
water management in Mediterranean climates, offering insights applicable to othestvestsed areas facing

similar conditions.

Reservoirs vary in their operational configuratidretandalone versus imnnected systerdsleading to

distinct resilience profiles under drought stress. Standalone reservoirs, which lack water transfer options, are
more susceptible to drought effects compared to interconnected systems that can redistribute water during
periodsof high demand (Maghami et al., 2020). Research indicates that interconnected reservoirs typically
provide greater resilience during moderate droughts, yet they may still struggle under prolongegamulti
drought conditions due to cumulative deplet{éneeman et al., 2015; Sardinia Regional Water Authority,
2018; Lo et al., 2022). This study examines the differing responses of standalone and interconnected reservoirs
in Sardinia, elucidating the thresholds at which each system type may be vulneableofn et al., 2016;

Chen et al., 2016).

Multi-year droughts impose considerable challenges for water management because of their extended nature,
which strains storage systems over time. While the buffering capacity of interconnected reservoirs during
seasonal droughts is well documented, limited research has explored their resilience over consecutive dry years
(Dol & Schmied, 2012; Cook et al., 2015; Barker et al., 2016). This study investigates how both standalone
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and interconnected reservoirs in Sardirespond to prolonged dry conditions, assessing their resilience under
severe drought scenarios. By identifying key vulnerability points, our research aims to support proactive
management strategies to mitigate future rydar drought impacts. In sunamy, this study integrates the
SSDI development, an observational éditizen analysis, and a comparative evaluation of reservoir responses.
Through these contributions, we aim to enhance the understanding ehgdaoitogical drought dynamics,
strengthenregional decisiormaking, and ultimately improve the resilience of Sardinian water resources
against future droughts.

Materials and Methods

This study examines two contrasting reservoir systems in Sardinid) Baly Pressiu and the Flumendosa

basin (Figres42and43) . Sar di ni ads Medi terranean cl i mat-e, characterized by dry
winter seasons, exerts considerable stress on water resources, particularly during prolonged dry periods (Lo et

al., 2022; VicenteSerrano et al., 2020). Bau Bs@u operates as a standalone reservoir, relying solely on its

own catchment inflows, whereas the Flumendosa basin is an interconnected system comprising three major

dams: Bau Maggeris, Nuraghe Arrubiu, and Monte Su Rei. This interconnected setup al&ivsdgic water

transfers to alleviate shortages during peak demand, contrasting the operational flexibility of interconnected

systems with the vulnerabilities of standalone reservoirs (Maghami et al., 2020; Sardinia Regional Water

Authority, 2018). Analzing these distinct systems provides valuable insights into how different reservoir

types manage soctwoydrological droughts and respond to climatic variability, contributing to a nuanced

understanding of water resilience in Mediterranean settings (Bergaal., 2015; Van Loon et al., 2016).

Precipitation data were obtained from higisolution observational datasets provided by the Civil Protection

of Sardinia Region Authority, covering the periods 12920 for Bau Pressiu and 20@020 for Flumendosa

Data from three rainfall stations near each reservoir were averaged to obtain a representative monthly time

series for each basin, capturing seasonal andtloag m patter ns. Bau Pressiubds precipitation was n
Rosas Miniera, Narcao, and Nuxis, ilehthe Flumendosa basin used data from Bau Mandara, Flumendosa

Meteo, and Mulargia Meteo stations.
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Figure 42: Study area of Bau Pressiu basin with the location of rainfall stations and Dam
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Reservoir level data were provided by the Sardinia Water Authority (ENAS), Enel S.p.A., and the Regional
Basin Authority of Sardinia. Reservoir levels were converted to volume data using respegiiic rating

curves. This conversion allowed the stawliization of storage volumes for both basins for subsequent monthly
analysis. To analyze the overall system behavior in Flumendosa, a virtual reservoir was created by combining
the storage volumes of the three reservoirs, reflecting interconnected flowgeaali storage dynamics. This

virtual reservoir facilitated a holistic view of the storage response, accounting fereiseevoir transfers

active within the basin.

For both basins, highesolution precipitation and reservoir volume data were aggeegmte monthly scale,
standardizing the temporal resolution to enable consistent comparison. In Bau Pressiu, precipitation data from
the three monitoring stations were averaged to create a single monthly precipitation time series, which was
paired with thecorresponding reservoir volume time series. In Flumendosa, precipitation data were similarly
averaged to generate a unified series for the basin, which was then compared to the monthly volume of the
virtual reservoir system. The data were processed tarertemporal coherence, enabling an accurate
comparison of how precipitation patterns influence storage responses in both standalone and interconnected
reservoir settings.
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Figure 43: Study area of Flumendosa Basin with rainfall stations and intercoadetams
Methodology

The methodological approach for this study, illustrated in Figdrenvolved three primary steps: calculating
the nmonth Standardized Precipitation IndexS3RI) to assess meteorological droughts, developing the
Standardized StoragDynamics Index (SSDI) for reservoir storage, and examining the correlation between
these indices to understand drought propagation dynamics. Additionally, we extracted drought event
characteristio$ duration, severity, and intensityto analyze and compatiee impacts of meteorological and
socichydrological droughts across the reservoirs.
The SPI was used to evaluate deviations in precipitation from the historical average, calculated across multiple
temporal scales (n =1, 3, 6, 12, 24, and 48 monthgptuie shortto longterm drought effects (McKee et
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al.,, 1993; Guttman, 1999; Wu et al., 2007). Precipitation data were fitted to a gamma distribution, then
transformed to a standard normal distribution, providing a comparable measure across timescadgsrsn
(Stagge et al., 2015). The SPI was computed for both Bau Pressiu and Flumendosa to evaluate how
accumulated precipitation deficits impacted each basin differently over time (\i8entmno et al., 2012).

To evaluate drought in reservoir storagre developed the SSDI, a new index specifically tailored to reservoir
dynamics. SSDI captures deviations in reservoir volume by employing -parametric Kernel Density
Estimator (KDE), identified as the befiting distribution via the Kolmogorossmimov (KS) test at a 5%
significance level (Vorésmarty et al., 2000; Tallaksen & Van Lanen, 2004; Seiller & Anctil, 2016). Unlike
monthspecific distributions, SSDI employs a single distribution for the entire time series, avoiding biases and
ensuring constency in capturing storage deficits over time, making it comparableSBIr(Stagge et al.,

2015; Huang et al., 2020). SSDI was calculated for both reservoirs emanth timescale to capture
immediate changes in storage and to emphasize the accuma@gots inherent to reservoir operations
(Moreno et al., 2020).

Kendall's Tau correlation was employed to examine drought propagation from meteorological conditions to
reservoir storage by analyzing the relationship betweSRIrand SSDI across differeithescales (Kendall,

1948; Modarres, 2007; Cammalleri et al., 2017). The highest correlation value indicated the SPI timescale
most closely related to SSDI, providing insights into how precipitation deficits translate to storage reductions
in each basim relationship crucial for understanding drought transmission (Vi&egn@no et al., 2012).

Drought Event Extraction

Drought event characteristics, including duration, severity, and intensity, were derived using the theory of runs,
defining events as cercutive months below a threshold set at the 20th percentile of each index (Yevjevich,
1967; VicenteSerrano et al., 2010). This analysis was applied to befPlnand SSDI, facilitating an
evaluation of how each reservoir system experienced and respmndenlight across various timescales,
which is essential for strategic drought management (Hisdal & Tallaksen, 2003).
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Figure 44: Schematic diagram of the methodology

Results
Understanding multscale drought using meteorological forcing in Bau PremsilFlumendosa Basins
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Figure 45: Anomaly plot of FSPI time series for the Bau Pressiu basin
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Figure 46: Anomaly plot of FSPI time series for the Flumendosa basin

This section presents drought characteristics in Bau Pressiu and Flumbadiosausing the Standardized
Precipitation Index (SPI) across multiple timescales (1, 3, 6, 12, 24, and 48 months). These timescales allowed
us to understand variations in drought severity, duration, and frequency, providing insights into each basin's
hydrological response (Tabld 1Figures % and46). In Bau Pressiu, SPll recorded 58 drought events with a
mean severity 0f1.42 and a maximum 68.15, with an average duration of 1.5 months. Significant events
include March 1994 (SPI =2.96) and Janugr2000 (SPI =3.26), reflecting intense shetgrm dry spells.
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Flumendosa had 25 SBIdrought events, with notable occurrences in August 2008 (S5298). The SRB
timescale identified 34 drought events in Bau Pressiu, with a mean sevefit$dfm maximum of-6.75.

Notable droughts include December 1994 (SP45:34) and October 2007 (SPI-6.97). Flumendosa
experienced 14 seasonal droughts, with significant stress in October 2015 {&P5)= The émonth SPI
showed 23 drought events in Bau $&ia, with mean severity o#.78. Notable prolonged droughts occurred

in November 1994 (SPI10.75) and July 2001 (SPI-20.49). Flumendosa recorded seven drought events,
including July 2016 (SPI =11.34). For SRIL2, Bau Pressiu recorded 12 drougbtsgracterized by a mean
severity of-12.12. Notable events were September 1994 (SRIL89) and February 2008 (SP+£3.27).
Flumendosa had eight droughts, with significant impacts observed in August 2017-28P103.

Multi-year droughts (SP24) inBau Pressiu recorded ten events, including the severel®@#drought (SPI
=-23.96) and March 2017 (SPI-£9.36). In Flumendosa, only three events were recorded, with August 2017
being the most severe (SP420.70). The SP#8 captured longerm droght trends. Bau Pressiu experienced

six events, with the most severe being in September 2000 (S61.29), indicating extreme prolonged
drought. Flumendosa recorded four events, with notable droughts in August 2017 and July 2016. The SPI
analysis acrosdifferent timescales highlights critical differences between the two basins. Bau Pressiu showed
higher drought frequency and severity, indicating vulnerability due to its standalone configuration. Conversely,
the Flumendosa basin showed fewer and lessreselreughts, emphasizing the role of its interconnected
system in redistributing water during periods of deficit. The results underscore the importance of proactive
water management policies to mitigate the effects of both-ssrontand longerm water sarcity.

Table 11: Some statistics of drought characters of calculated fr8lrior Bau Pressiu and Flumendosa

Location n-SPl | No of Events| Severity Duration
Mean Median | Max Mean Median | Max

Bau Pressiu | 1 58 -1.42 -1.05 -3.15 15 1 5
3 34 -2.53 -1.7 -6.75 2.2 2 7
6 23 -4.78 -2.05 -18.25 |3.04 2 12
12 12 -12.12 -10.85 |-19.8 6.8 7 15
24 10 -10.85 -9.7 -21.65 |7.15 6 14
48 6 -19.02 -7.1 -59.1 11.7 8 35

Flumendosa | 1 25 -1.5 -1.18 -5.62 1.32 1 3
3 14 -2.85 -1.92 -16.88 | 2.14 2 10
6 7 -6.87 -4.03 -18.4 4.29 4 10
12 8 -5.89 4.7 -14.84 | 3.63 3 9
24 3 -13.43 -15.77 -23.73 |9 11 15
48 4 -8.94 -2.19 -27.42 |55 4 16
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Figure 47: Anomaly plot of new developed index Standardized Storage Dynamics Index (SSDI) for a. Bau
Pressiu and b. Flumendosa

The characterization of reservoir low storage in Bau Pressiu and Flumendosa basins was performed using the
newly developed Standardized Storage Dynamics Index (SSDI), specifically designed to capture the dynamics
of reservoir storage influenced by hydrdleaj accumulation and societal demand. Unlike the SPI, which
assumes a gamma distribution, SSDI employs apawametric Kernel Density Estimator (KDE) to capture

the complexity of reservoir volumes more effectively. KDE was selected based on the Ko8gornov

(KS) distance test at the 5% significance level. Figdvesand47b provide visual comparisons of SSDI and

SPI for Bau Pressiu and Flumendosa, respectively, illustrating the propagation of low storage from
meteorological deficits.

The SSDi1 was calculated for each basin to capture immediate low storage dynamicslZlsinlemarizes

the results, showing distinct differences in the characteristics of low storage events. Bau Pressiu experienced
eleven low storage events, with an ageraeverity of 9.70 and a maximum of 29.73 during the prolonged
event that started in July 1994, lasting nineteen months. The average duration was 7.18 months, with events
such as March 2002 (severity of 14.88, duration of eleven months) and Octobers@@émty of 16.65,

duration of fourteen months) demonstrating prolonged stress. Other events, including those in August 1998,
July 2000, and October 2017, were shorter, with severities ranging from 3.11 to 6.03.

Flumendosa had fewer events, with sevendtawage occurrences. The mean severity was 6.96, with the most
significant event in August 2017 reaching 20.70 and lasting fifteen months, indicating vulnerability despite its
interconnected design. The average duration was 5.14 months, with notablaredeiy2016 (severity of

11.34, duration of seven months) and shorter but significant events in October 2015, August 2008, and
December 2014, reflecting its ability to buffer shiamm deficits. SSDIL analysis revealed that Bau Pressiu,

as a standaloneeservoir, experienced more frequent and severe events, indicating higher vulnerability to
prolonged droughts. Its lack of interconnectivity limited its ability to recover, particularly duringyealti
droughts. Conversely, the interconnected Flumendiasin experienced fewer and generally less severe
events, highlighting the benefits of water redistribution. However, prolonged events, such as those in 2017,
indicate that even interconnected systems can be overwhelmed during extreme droughts, mgdbesoeed

for adaptive strategies to manage cumulative impacts. The-S@balysis underscores the critical role of
interconnectivity in enhancing resilience to low storage conditions, while also highlighting the limitations of
standalone reservoirs dong prolonged deficits.
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Table 12: Some statistics of drought characters calculated from SSDI for Bau Pressiu and Flumendosa

Location Indicator | No of | Severity Duration
Events - -
Mean Median | Max Mean Median | Max
Bau Pressiu | SSDHL 11 9.7 591 29.73 |7.18 5 19
Flumendosa | SSDH1 7 6.96 5.15 20.7 5.14 5 15
2 SPI-1 vs. SSDI-1 2 SPI-3 vs. SSDI-1 2 SPI-6 vs. SSDI-1
15 15 15
.l Kendall's't = 0.03 ; Kendall'st = 0.19 ; Kendall'st = 0.38
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Figure 48: Kendal |l 6s Tau -SPbandSSDI éot BawPressiuet ween n
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Figure 49: Timeseries plot of :3PI and SSDI with significant drought intensity which caused low reservoir
storage in BawPressiu

The response of the Bau Pressiu basin to accumulated meteorological droughts was assessed by analyzing
correlations between various SPI timescales and SSDI. The highest correlation was found \d2h SPI
indicating that ongrear accumulated defts most significantly influence drought propagation to reservoir
storage (Figure48). The time series comparison between-$Pland SSDI (Figurél9) shows that the
standalone reservoir could absorb stiertn and seasonal meteorological deficits to soxtene However,

during multiyear droughts, such as the 198806 event, the severity recorded in SSDI (29.72) was notably
higher than SPI (21.89), with extended durations (19 months for SSDI vs. 16 months for SPI), highlighting the
reservoir's limited cagity to buffer prolonged drought impacts.
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For significant drought events like those in 2002 and 2007, SSDI showed higher severity and longer durations
than SPI, indicating that although the reservoir managed to buffer some intensity, extended low storage
conditions persisted. In contrast, during shorter droughts, such as the 2017 event, SSDI indicated a reduced
severity (4.65) compared to SPI (8.77), demonstrating the reservoir's capacity to manage moderate drought
events effectively. Overall, Bau Pressxhibited moderate resilience to shtatm droughts but showed
vulnerability to prolonged muHyear droughts, leading to amplified storage deficits.
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The Flumendosa basin'sténconnected reservoir system demonstrated distinct characteristics compared to
Bau Pressiu. The correlation between SSDI arf®@Phwas strongest with SB8, indicating a longerm
influence of accumulated meteorological deficits on reservoir storagarés@). The high correlation
coefficient (0.454) suggests the system's capacity to mitigate drought impacts over extended periods. The time
series comparison of SBB and SSDI (Figurgl) showed that SSDI drought events were generally less severe
thanthose from SR#8, reflecting the interconnected system's ability to absorb shocks.

For instance, the 2017 event had an-&Pkeverity of 14.1, while SSDI recorded a lower severity of 20.7.
Despite high meteorological deficit severity, the system mantgdistribute water resources, reducing the
impact on storage. Additionally, extended low storage durations, such as in the 2017 event (15 months for
SSDI vs. 9 months for SPI), illustrate the time required for system recovery and resilience. The ietéedonn
system provides more consistent water availability, even during severe droughts, due to its ability to transfer
water between reservoirs, thereby mitigating individual storage deficits. Thédongersistence and gradual
drought propagation undeare the interconnected reservoir's critical role in enhancing water security under
increasing climate variability.
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Figure 51: Timeseries plot of 48PI and SSDI with significant drought intensity which caused low reservoir
storage in Flumendosa

Discussion and conclusions

The analysis of drought characteristics and reservoir low storage in the Bau Pressiu and Flumendosa basins
offers crucial insights into the impact of accumulated meteorological deficits on water resources in Sardinia.
Using SPI aross multiple timescales provided a comprehensive view of drought propagation, while the SSDI
allowed a more refined understanding of reserspicific dynamics in socibydrological drought responses.

In Bau Pressiu, frequent and severe droughts wesereed, particularly at shorter SPI timescales,
emphasizing its vulnerability to meteorological droughts. Stesrh and seasonal droughts identified by-SPI
landSPB, such as those in 1994 and 2007, eficitsgqdlits ght ed t he
limited buffering capacity (Vicent8errano et al., 2012). Muljiear droughts observed in SP4 and SR48

resulted in prolonged low storage levels, suggesting limited resilience to extended dry periodsfigss$@t

illustrated this vinerability, revealing severe and prolonged low storage during events likel®984and

2007, indicative of the standalone reservoir's struggle to cope with prolonged drought effects.

Conversely, Flumendosa exhibited a different drought response, brméfiim its interconnected system.

Fewer drought events across SPI timescales and lower severity ifteshortiroughts underscored the
advantage of water redistribution during dry periods (Maghami et al., 2020; Seiller & Anctil, 2016). The
highest correfgon between SSDI and SR8 in Flumendosa suggested a more gradual response {teiamg
droughts, while SSB1 showed fewer and shorter low storage events compared to Bau Pressiu, reflecting
increased resilience. However, the 2017 drought underscotezl/grainterconnected systems face significant
challenges during muliear droughts, as SSDI reached a severity of 20.70, highlighting the need for continued
adaptive management (Lo et al., 2022; Bergaoui et al., 2015).

Comparing the basins, Bau Presshowed a higher frequency and severity of droughts across all SPI
timescales, emphasizing its vulnerability in the absence of water transfer capabilities. SSDI results for Bau
Pressiu revealed notable discrepancies with SPI, especially during major ditegh®941996 and 2007,
indicating the amplification of drought impacts in a standalone reservoir (Vi€amtano et al., 2020). In
contrast, Fl umendosads interconnected system enabl ed
frequency of shofterm droughts, though prolonged events like the 2017 drought tested the system's limits.
These findings highlight the need for adaptive water
characteristics. For Bau Pressiu, increasing storage capatityncing conservation practices, and exploring
inter-basin water transfers could improve resilience. For Flumendosa, sustaining interconnectivity and
developing strategies to manage prolonged dry periods are essential for continued resilience.idtiesge var

in drought response reflect broader challenges in water management under climate variability, particularly in
Mediterranean climates where droughts are projected to intensify (Chen et al., 2016; IPCC, 2021; Barker et
al., 2016).

In conclusion, inteconnected reservoirs like Flumendosa demonstrate better drought mitigation capabilities
compared to standalone reservoirs such as Bau Pressiu. However, even interconnected systems remain
vulnerable to prolonged droughts, necessitating ongoing strateginipy to bolster resilience. The SSDI
emerges as a valuable tool for understanding dogioological drought propagation and supports targeted
interventions to reduce vulnerability and enhance the resilience of water resources under changing climate
condtions.
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