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Abstract: The growing attention on the water resources management problem, also in view of the climate change issues, 
requires a detailed knowledge of the water availability and consumption. Despite the importance covered by this 
topic, this kind of information is often fragmentary and inadequate for the purpose of an accurate hydrological 
balance. The purpose of this study is the definition of a methodology for the formulation of water consumption 
scenarios. Local administrations databases can provide important information about exploitation of water resources at 
regional scale but are often incomplete and not homogenous. In order to build a tool for water withdrawals scenarios 
generation adequate to perform hydrological balance simulations, the available data need to be processed and 
integrated with synthetic withdrawals in order to fill gaps in the local administration registrations. In this study an 
overview of available information about water withdrawals in Tuscany, central Italy, is shown. Data were processed 
and generated in order to obtain a quantitative scenario of anthropic pressure and the distributed hydrologic model 
MOBIDIC (MOdello di Bilancio Distribuito e Continuo) was used to perform simulations of the water balance. The 
study was carried on in the framework of PRESTIGRIS, a project sponsored by Tuscany Region for the seasonal 
forecast of the droughts and the water scarcity states. 
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1. INTRODUCTION  

A series of significant international meetings confirmed that the issue of global water resources 
achieved a central place in discussions about both international economic development and 
environmental policy (Pereira et al. 2002; Alcamo et al. 2003). Also at local level, the growth of 
any economy or region over time is predicated on sustainable water resources (Shiklomanov 1998; 
Zarriello and Kernell 2000; Roy et al. 2005). While it is true that all the main human settlements 
grew around consistent water sources (rivers, lakes) the explosion of the urbanized areas and, in 
general, of the world population in last decades made the issue of the satisfaction of the water 
demand a serious problem also for developed countries, especially in the view of the challenges 
posed by the climate change (Alcamo et al. 2007). As an example, for the Italian territory it is 
sufficient to refer to the seasonal water shortage in Sicily and Sardinia islands in southern Italy 
(Albrizio et al. 2007) and to similar issues in the southern Mediterranean Europe (Spain, Greece, 
Cyprus; Iglesias et al. 2007) 

At the regional scale the quantification and the knowledge of the distribution of the water 
withdrawals is a key element in several applications of water management practices, like watershed-
scale hydrologic balance, estimates of the impacts that human activities can have on water resources 
and water allocation. Water management is defined as the activity of planning the optimal use of 
water resources usable for human activities (drinking water, industrial, etc.), and, at the same time, 
minimizing the impact of water use on the natural environment, both in terms of effects on the 
entity of the water reserves and of effects on their quality (chemical, thermal, etc.) (Brooks 2006). 
Successful management of water resources requires accurate knowledge of the available resources, 
of the demands and of the final uses of water withdrawn (Brooks 2006). In particular, the water 
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withdrawals can influence the states of stress of water bodies and their correct assessment can 
become critical during drought periods. An excessive withdrawal, especially during drought 
periods, can lead to severe decreasing of the future availability of fresh water and also to permanent 
changes in the ecosystem (Micklin 1988; Richter 2003; Oki and Kanae 2006; Pfister 2009). 

Despite national legislations usually provide an annual communication of the amount of water 
withdrawn (in countries that carry on regular monitoring in the framework of water management 
policies, FAO 2008), the available data about water withdrawals are often just estimates of water 
consumption, water demand or water withdrawal. Water consumption is the complete removal of 
water from a source: this water is not returned to the source. Water demand is the total amount of 
water required for a certain use. Water withdrawal is the removal of water from a source but in this 
case the water or a part of it can be subsequently returned to the source. The differences of meaning 
among these make it difficult to compare different estimates and enhance their extreme variability, 
anyway these kind of data usually allow to outline a comprehensive scenario about water resources 
in a territory. 

For the aim of a distributed hydrological balance, global estimates of water withdrawals at 
regional or even watershed scale are not sufficient and information about geographical location of 
each water withdrawal are needed. Coordinates of each point of withdrawal, amount of water 
withdrawn from each point, intended use, its time pattern and amount of water discharged back to 
the environment are information of fundamental importance for the definition of scenarios of 
human pressure on surface water bodies, usually partly present in the local administrations 
databases.  

In this study all available information for Tuscany region, Central Italy, were analyzed, 
elaborated and integrated with synthetic data to fill gaps, in order to create a comprehensive 
database for the whole region. The synthetic data were generated basing on observations about the 
probability distribution of the intensity and of the spatial location of the actual withdrawals present 
in the investigated databases. This database was used for carrying on an hydrological balance with 
the distributed hydrological model MOBIDIC, in order to estimate each component of the balance 
in presence and in absence of the human pressure scenario, with particular attention to water 
scarcity. 

2. THE ANALYSIS OF THE DATASET 

This study concerns water withdrawals from surface water bodies, both those that act directly on 
the water body (withdrawals from rivers and streams) and those that act indirectly on it 
(withdrawals from springs and bank storage). In particular, bank storage is the water absorbed in the 
permeable bed and banks of a lake, reservoir, or stream, that can be taken through wells.  

As a rule water withdrawals need authorization by local administrations, therefore their 
databases have an important role in the knowledge of the exploitation of water resources at regional 
scale. In addition to such databases, it is possible to refer to data collected by river basin authorities 
and sometimes by local Agency for Environmental Protection.  

The integration of different sources of data can allow to obtain information about the location of 
the water withdrawals (coordinates), the authorized amount of water, the date of issue and the due 
date of each practice, the use to which the withdrawal is destined (civil, agricultural, industrial, 
etc.), the owner's data etc. 

The lack of coordination between the different local administrations for what concerns the 
registries of the water sources management and the partial overlap of the territories of competence 
(for example between local administrations and river basin authorities) make the overall 
information available extremely inhomogeneous with several cases of fields without information for 
most records. Furthermore, one of the main differences among different databases can be the kind 
of data reported to express the quantity of water authorized: annual volume, daily volume, 
maximum discharge, operating discharge, average discharge, authorized discharge, etc. 

Thus, the heterogeneous collected data need to be processed and homogenized in a coherent and 
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comprehensive table that organize the data according to macro-themes: source of the data, 
coordinates, quantity of water authorized, time pattern, use, source type (river, spring, bank 
storage).  

As a consequence of the cited overlap of the competence territories, data about the same 
withdrawal could be reported by different databases, so data need be cross-checked to identify 
matches on the basis of a comparison of the available information or, if not sufficient, on the basis 
of spatial proximity. In the case of discordant information, data from the local administrations 
databases should be considered, because of their role in the authorization procedure. 

A measure of the anthropic quantitative pressure on surface water bodies can be represented by 
the total amount of water withdrawn on average during a year from each point of withdrawal. Data 
collected from local administrations, River Basin Authorities and local Agencies for Environmental 
Protection are the main sources for this kind of information. Annual average withdrawal for each 
point can be obtained from the various kinds of data reported to express the quantity of water 
authorized, sometimes introducing assumptions about withdrawals time patterns (seasonality, 
periods of the year in which the withdrawal was authorized, etc.). However, there are cases in which 
there is no information about the amount of water withdrawn and other cases in which the values in 
the databases are not actual data but estimates. 

In this study it is proposed that in a first phase an estimate of the water withdrawn (annual 
average withdrawal) from points with information about coordinates but without any information 
about the amount of water licensed can be obtained from a statistical analysis of the complete data, 
on the basis of the use and the geographic area. More precisely, the reference statistics is the median 
of the available values of annual average withdrawal from the points in each municipality and for 
each source type and use. The median is preferred to the mean because it is less sensitive to the 
presence of outliers. 

To get some indication about the completeness of the obtained estimates it is possible to refer to 
the global estimates of water consumption, demand or withdrawals, if available for the whole 
territory. 

3. METHODOLOGY FOR THE STATISTICAL RECONSTRUCTION 

As seen in previous Section, the available data about water withdrawals can be often incomplete 
and fragmentary on large areas. For this reason, at the purpose of reconstructing a comprehensive 
scenario valid for the whole territory under study, the collected information need to be integrated 
with synthetic withdrawals generated basing on the observed statistical characteristics and on the 
percentages of water taken for each use.  

In the collected data there can be points of withdrawals without any information about the 
amount of water withdrawn but with known geographical location. In other cases the values 
indicated in the database can be simple estimates obtained on the basis of the spatial collocation and 
of the use. To perform the statistical analysis, the cited estimated data are excluded from the dataset. 

The analysis of the collected data consists in the fitting of probability distributions for the water 
volumes, both considering the entire data set and the subgroup such as data aggregated at the 
administrative unit scale or about specific use.  

The first employ of these probability distributions is to replace the synthetic values in the source 
data, for which spatial coordinates and use are known. These groups of values can be replaced 
generating the same number of values starting from the corresponding identified distribution for 
each use (civil, industrial, agricultural etc.). A similar process can be used to estimate the volume of 
water collected for those points without any quantitative information but with information about 
spatial collocation (coordinates) and use. In this case distributions fitted for each use and for each 
administrative unit, in order to take into account the variability in terms of population density and 
anthropic activities, can be considered.  

After these two steps of synthetic values generation, the estimated total amount of water 
withdrawn can be calculated and the evaluation of completeness of the data for each administrative 
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unit can be updated. Comparing the obtained estimates with the global estimates according to the 
available studies carried on at regional or local level, if present, it is possible to evaluate the missing 
amount of water withdrawals for each administrative unit. To fill these possible gaps, synthetic 
values can be again generated from the probability distributions for each administrative unit and 
each use. The values of water withdrawals so generated can be placed in the territory of each 
administrative unit according to a further, detailed analysis of possible variables that could affect 
the spatial distribution of the water demand: territorial data such as the population density 
(aggregated for single town or municipality), the concentration of industries, the distance from the 
urban areas and also hydrological data like the Strahler order (Strahler 1957) or the contributing 
area of the nearest network branch. All these variables can be put in correlation with the location 
and the intensity of the withdrawals, both considering the aggregation at regional scale and at the 
single administrative unit scale with graphical analysis and with the computation of correlation 
indexes. 

If no significant correlation can be found, the values of water withdrawals generated can be 
placed in the territory according to two criteria. If among collected data there are also values with 
information about spatial collocation but without any information about the amount of water 
withdrawn and its use (civil, industrial etc.) a part of the generated values can assume the 
coordinates of this kind of data, while the remaining values can be placed randomly within the 
administrative unit, assuming a uniform distribution on the different water bodies (river branch, 
lakes, etc.) present in this portion of territory.  

4. CASE OF STUDY 

In this section an example of the application of the methodology described, both for the 
collection, analysis and completion of the dataset and for the hydrological balance assessment, is 
provided. 

The domain of the study was selected as the Tuscany region, in central Italy. Tuscany region 
covers an area of about 23000 km2 characterized by an orography dominated by hills, with few 
plains. It is crossed by the Apennines Mountains range that describes an arc from North to East, 
having an average elevation of 1000 m a.s.l. with a maximum of about 2000 m a.s.l.. The mean 
annual precipitation is 800 mm, the climatic type can be considered as semi-arid with a high 
variability during the year, summer is hot and dry while winter is cold and rainy.  

From the administrative point of view, Tuscany is subdivided into ten provinces and has a 
population of more than three and a half million inhabitants: this is the result of areas with high 
population density, in particular the Florence metropolitan area, and other large areas with low 
population density (provinces of Arezzo, Siena and primarily Grosseto) (Figure 1). Agricultural and 
forested lands cover most of the territory, while artificial areas are concentrated in the north-western 
part, and the main productive activities are located in the areas of Arno river basin and a part of the 
north-central coastal zones (Figure 2). 

4.1 The dataset 

Despite the Italian legislation provides an annual communication of the observations of the 
amount of water withdrawn from each point to the local administrations, the available data about 
water withdrawals are often just estimates. Examples of these estimates are the data shown in the 
"Piano di Tutela delle Acque della Regione Toscana 2005" (Water Conservation Plan of Tuscany 
Region, Regione Toscana 2005, Table 1) and “Una strategia per l’approvvigionamento idrico in 
Toscana” (A strategy for the supplying of water in Tuscany, Cispel, 2008), the data about water 
demand and water consumption in a study coordinated by the Regional Hydrologic Service 
(Servizio Idrologico Regionale) (Table 2, Regione Toscana 2008) and the data about withdrawals for 
drinking water supply reported in "The survey system on water - Year 1999", ISTAT 1999 (Table 3).  
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Fig. 1. Population density by province: resident population at 31/12/2010 (ISTAT, 2011). 

 

Fig. 2. Tuscany Region Land cover Map. Source: Corine Land Cover 2006 (European Environment Agency, 2007). 

A study commissioned by Tuscany Region estimates about a billion of cubic meters per year for 
water withdrawals: 45% for drinking water, 34% for industrial use, 20% for agricultural use and 1% 
for zootechnics. According to the data by Tuscany Region, the water distributed by aqueducts 
comes from wells for 47%, from springs for 26%, from rivers and streams for 25%, from reservoirs 
for 2% (Regione Toscana 2005, see Table 4). Other available studies are available at more local 
level (Caretti 2009). 

Despite the differences among water consumption, water demand and water withdrawal, these 
examples show the extreme variability in the estimates about water uses. Anyway these data allow 
to outline a comprehensive scenario about water resources in Tuscany and in particular about the 
order of magnitude of water quantities involved. Arno River Basin Authority (Draft Basin Plan, 
excerpt Water Balance, Autorità di Bacino del Fiume Arno 2008 and Management Plan of the 
Northern Apennines, Autorità di Bacino del Fiume Arno 2010) and Serchio River Basin Authority 
(Water Management Plan, Autorità di Bacino del Fiume Serchio 2010) describe instead examples of 
databases used for the purpose of surface water hydrologic balance, with the aim of carrying out 
planning and programming activities on water resources management, but no information that cover 
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the whole regional territory are present. In addition to these databases it is possible to refer to local 
administrations databases for the registration of administrative data about water concessions and to 
the SIRA, the Environmental Information System of Tuscany Region managed by ARPAT, the 
Regional Agency for Environmental Protection. 

 
Table 1. Water conservation plan of Tuscany Region, 2005. Water consumption (source: ARPAT, 2004). 

Civil  
(m3/year) 

Industrial  
(m3/year) 

Agricultural  
(m3/year) 

Total  
(m3/year) 

259.137.362 212.187.695 94.159.150 565.484.207 

 
Table 2. Tuscany Region: Water demand and consumption (Regione Toscana 2008), agricultural demand data by IBIC 

(Interdepartmental Center of Bioclimatology); industrial demand data by IRPET (Regional Institute of Economic 
Planning of Tuscany) (IRPET 2009), data about civil consumption by water supply companies. 

Agricultural water demand 
and water losses (30%) 

(m3/year) 
average 2000-2009 

Civil water 
consumption 

(m3/year) 
2006 

Industrial water 
demand 
(m3/year) 

average 2000-2007 

Total 
(m3/year) 

153.379.000 349.372.000 204.732.000 707.484.000 

 
Table 3. Tuscany Region Withdrawals subdivided for each source of water supply, year 1999. Withdrawals for drinking 

water supply only (ISTAT 1999). 

Groundwater Surface water Seawater 
or brackish 

water 
m3/year 

Total 
m3/year Springs 

m3/year 
Wells 

m3/year 

Total 
103 

m3/year 

Rivers and 
streams 
m3/year 

Lakes 
m3/year 

Reservoirs 
m3/year 

Total 
m3/year 

93.231.000 223.505.000 316.736.000 108.731.000 357.000 6.086.000 115.174.000 295.000 432.205.000 

21,6% 51,7% 73,3% 25,2% 0,1% 1,4% 2,7% 0,1% 100% 

 
Table 4. Withdrawals in Tuscany Region for each use (Regione Toscana 2008). 

Drinking water  
m3/year 

Industrial use  
m3/year 

Agricultural use  
m3/year 

Zootechnical use  
m3/year 

450.000 340.000 200.000 10.000 
 

Therefore data about water withdrawals in a particular area were collected from three different 
databases: from the province, from the appropriate river basin authority and from SIRA. As a 
consequence of the partial overlap of the territories of competence (for example between a province 
and a river basin authority, see Figure 3), the 11.8% of the points of withdrawal were mentioned in 
more sources. 

Data from different sources were cross-checked to identify matches and the global table 
containing all the collected information was turned into a table in which each record represented a 
unique point of withdrawal. 

In this table 18,96% of records had no information about coordinates and 32,5% had no 
information about the amount of licensed water: only 66,4% had information about both coordinates 
and the amount of licensed water, that was considered as the minimum amount of significant 
information for the single record. 

An analysis of the distribution of available data on the territory showed a higher concentration in 
the northern region. This reflects both the higher population density in the north and the complete 
lack of data from two southern local administration databases (Siena and Grosseto provinces, see 
Figure 1) and in general the incompleteness of collected data for this area. In particular it is 
interesting to observe the distribution of data among the various provinces, that are the local 
authorities responsible for granting the licenses (Table 5) and observe the distribution of the 
different kind of withdrawals among the various provinces (Table 6). 
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Fig. 3. Tuscan Provinces and River Basin Authorities. 

Table 5. Distribution of withdrawals data among the various provinces. 

Province Number of withdrawals % 

Arezzo 7083 19,70 

Florence 13465 37,45 

Grosseto 231 0,64 

Livorno 208 0,58 

Lucca 8561 23,81 

Massa Carrara 586 1,63 

Pisa 1442 4,01 

Pistoia 2658 7,39 

Prato 491 1,37 

Siena 1225 3,41 

Unknown province (lack of coordinates) 4 0,01 

 Total (Tuscany region) 35954 100 

 

Fig. 4. Number of withdrawals per square kilometer and per 1000 inhabitants. 
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Table 6. Distribution of data about withdrawals from rivers, springs and bank storage among the various provinces. 
Two of the data were not referred to an identified province. 

 Rivers Springs Bank storage Rivers and springs 
# % # % # % # % 

Arezzo 1436 15,22 1694 30,26 3953 25,09 3130 20,82 
Florence 2773 29,39 1459 26,06 9232 58,59 4232 28,15 
Grosseto 162 1,72 13 0,23 5 0,03 175 1,16 
Livorno 204 2,16 4 0,07 - 0,00 208 1,38 
Lucca 1835 19,45 1611 28,78 48 0,30 3446 22,92 
Massa Carrara 525 5,56 61 1,09 - 0,00 586 3,90 
Pisa 490 5,19 212 3,79 740 4,70 702 4,67 
Pistoia 1071 11,35 308 5,50 1259 7,99 1379 9,17 
Prato 108 1,14 191 3,41 191 1,21 299 1,99 
Siena 829 8,79 45 0,80 328 2,08 874 5,81 
Unknown province 2 0,02     2 0,01 
Total 
(Tuscany region) 9435 100 5598 100 15756 100 15033 100 

 
To obtain a more meaningful indication, and minimize the distortion of the data given by the 

lack and the inhomogeneity of the available information, the data were normalized with the 
provinces area or population. Considering only withdrawals from rivers and springs 1,94 
withdrawals per square kilometer were in Lucca province, 1,43 in Pistoia, 1,2 in Florence. The 
lowest density of withdrawals was for Grosseto (0,04), Livorno (0,17) and Pisa (0,29) provinces.  

Among the points with known coordinates, the 81,93% had information about the amount of 
water licensed, but the percentage was quite variable depending on the source of water supply: 
49,63% for withdrawals from rivers or streams, 59,03% for withdrawals from springs, 99,74% for 
supplying from bank storage (even if in this latter case the available information were mostly not 
actual data but estimates) (Figure 5 and Table 7). 

 

Fig. 5. Maps of water withdrawals from rivers or streams. 
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Table 7. Number of withdrawals without information about the amount of water licensed, for each province. 

Province Number of withdrawals 
Number of withdrawals 
(data with coordinates 

only) 

Number of 
withdrawals without 

information about the 
amount of water 

licensed 

Number of 
withdrawals without 

information about the 
amount of water 

licensed (data with 
coordinates only) 

# % # % 
Arezzo 7083 7002 1990 28,1 1915 27,3 

Firenze 13465 12998 1384 10,3 1090 8,4 

Grosseto 231 225 33 14,3 27 12,0 

Livorno 208 188 194 93,3 174 92,6 

Lucca 8561 3101 6403 74,8 1135 36,6 

Massa Carrara 586 586 62 10,6 62 10,6 

Pisa 1442 1287 450 31,2 295 22,9 

Pistoia 2658 2550 412 15,5 311 12,2 

Prato 491 475 143 29,1 139 29,3 

Siena 1225 725 612 50,0 113 15,6 
Total  
(Tuscany region) 35950 29137 11683 32,5 5261 18,1 

 
Considering data about the yearly average water volumes withdrawn aggregated for provinces 

with the described assumptions, the estimated value for the Florence province was significantly 
higher than others. This value was followed, in order of magnitude of withdrawal, by Lucca, 
Pistoia, Massa Carrara, Arezzo and Prato, while the estimates for Grosseto, Livorno, Siena and Pisa 
were much lower (Figure 6).  

 

Fig. 6. Yearly average water volumes (nominal values) collected for each province, computed on the basis of data 
collected (except hydroelectric use). 

To get some indication about the plausibility of the estimates obtained, it was possible to refer to 
the estimates of consumption, demand or withdrawals available for the whole Tuscany Region 
territory. The indications so obtained had only indicative character, taking into account the 
considerable variability of the existing estimates about this topic and the difference between the 
concepts of water consumption, demand and withdrawals. It was complex to give a precise 
estimation of missing data: on the basis of the existing estimates about water resources in Tuscany 
and of the analysis of collected data for this study from various sources, it was possible to make an 
assessment of the completeness using a qualitative scale (Table 9). In order to obtain a quantitative 
estimate of completeness, at each level of the qualitative scale was associated a range which 
expresses the percentage of completeness (Figure 7 and Table 10). 
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Table 8. Water volumes collected on average every year (nominal values) for each province and each source type, 
computed on the basis of data collected (except hydroelectric use). 

Water volumes collected on average every year (nominal values), 103 m3/year 

Province All source 
types 

Rivers Springs Bank storage 

 % for the 
province  % for the 

province  % for the 
province 

Arezzo 34˙560 18˙352 53 5˙404 16 10˙804 31 
Firenze 254˙058 203˙947 80 12˙796 5 37˙315 15 
Grosseto 6˙890 3˙205 47 63 1 2˙842 41 
Livorno 7˙495 6˙399 85 1˙096 15 0 0 
Lucca 117˙770 85˙758 73 24˙634 21 7˙378 6 
Massa Carrara 39˙942 38˙539 96 1˙403 4 0 0 
Pisa 11˙766 5˙084 43 4˙473 38 2˙210 19 
Pistoia 41˙152 17˙493 43 4˙311 10 19˙348 47 
Prato 24˙451 14˙172 58 6˙962 28 3˙318 14 
Siena 11˙536 6˙372 55 2˙180 19 2˙548 22 
Total  
(Tuscany region) 549˙620 399˙321 73 63˙321 12 85˙762 16 

 
Table 9. Rough estimate of completeness for water withdrawals estimates from local administrations databases 

(qualitative scale: very good, good, poor, bad). 

 Province 
Rough estimate of completeness for water withdrawals estimates from local 

administrations databases 
Rivers Springs Bank storage 

Arezzo good very good good 
Firenze very good very good-good very good-good 
Grosseto bad bad bad 
Livorno poor bad missing data 
Lucca very good very good poor 
Massa Carrara very good poor missing data 
Pisa poor poor poor 
Pistoia good good-poor good 
Prato good good good 
Siena poor-bad bad poor-bad 

 
Table 10. Evaluation of completeness for data collected: qualitative and quantitative scale. 

Province 

Rough estimate of completeness for water withdrawals 
estimates from local administrations databases 

Quantitative scale % of the hypothetical total 
value at the provincial level 

Arezzo good 70-80% 
Firenze very good + 90-100% 
Grosseto bad 20% 
Livorno poor-bad 30-40% 
Lucca very good 90-100% 
Massa Carrara very good-good 80-90% 
Pisa poor 50-60% 
Pistoia good + 75-85% 
Prato good 70-80% 
Siena poor-bad 30-40% 

4.2. Statistical reconstruction 

Following the criteria exposed in the previous Sections, the available information by the local 
administration databases was integrated with synthetic data to fill gaps in the available dataset. 
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Fig. 7. Evaluation of completeness for data collected by local administrations databases. 

In the collected data there were points of withdrawal without any information about the amount 
of water withdrawn but with known geographical coordinates, in other cases the quantitative values 
were estimates: in the latter case there were groups of withdrawals (also several tens of points) with 
exactly the same value for the amount of water withdrawn. The analysis of the collected data 
(excluding the cited estimated data) resulted in the observation of lognormal probability 
distributions for the water volumes, both considering data set and the subgroup such as data 
aggregated at the province scale or data about specific use (Figure 8). 

For each use (domestic, civil, industrial, agricultural, services, zootechnical) the actual values in 
the data set were considered: for each group of actual data with the same use a lognormal 
distribution with average µ, variance σ and coefficient of variation δ= σ/ µ was fitted. For each 
group of synthetic identical values (V) with a particular use, a lognormal distribution was fitted. In 
absence of more precise information about the standard deviation, it was assumed that for each use 
the coefficient of variation was the same. From this lognormal distribution a number of values equal 
to the number of synthetic identical values in the group was generated. 

A similar process was used for those points without any quantitative information but with 
information about coordinates and use. In this case distributions fitted for each use and each 
province were used (with less than ten values, the regional distribution was employed instead). Also 
in this case the distributions resulted to be lognormal. For each case, a number of values 
lognormally distributed equal to the number of data without any information about the amount of 
water withdrawn was generated for the province and the use of interest. 

The obtained estimates, though, were not yet complete: according to the studies carried on at 
regional level, for each province there was a missing amount of water withdrawal. To fill these 
gaps, synthetic values were again generated from the lognormal distribution for each province and 
each use. Values lognormally distributed were generated until the gaps in terms of aggregated water 
withdrawals were filled. The gap for each use was calculated on the basis of the percentage of each 
use and each province in the actual data (Figure 9). A part of the values so generated assumed the 
coordinates of the original data with spatial collocation but without any quantitative information, 
while the remaining values were places randomly within the province: in particular a river branch 
falling within the province was assigned to each value extracting from a uniform probability 
distribution on all the branches falling in the provincial territory.  

The choice of generating in a completely random way the coordinates (i.e. the assigned branch) 
of each new withdrawal point without considering any other factor followed an analysis carried out 
on the several possible other variables that could affect the spatial distribution of the water demand. 
Specifically, the analyzed variables were: population density, concentration of industries, distance 
from the urban areas, Sthraler order, contributing area of the nearest network branch. No 
correlations were found (correlation coefficient always below 0.2), both considering Pearson 
correlation coefficient (for linear dependence) and the Spearman correlation (that accounts for 
nonlinear dependence).  
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Fig. 8. Annual water withdrawals: cumulated probability distribution for each use. Data collected from local 
administrations, River Basin Authorities and SIRA databases on a logarithmic scale (blue) and fitted distributions (log-

normal) (red). 
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This lack of dependence between the territorial influence factors can be at least in part explained 
with the small amount of data that was available in some parts of the territory, and with the fact that 
the analysis itself was limited to the withdrawals from surface water bodies, not considering the 
wells. This exclusion of a consistent part of the withdrawals of water in the regional territory 
probably altered the correlation structures between the withdrawals themselves and the territory 
influencing factors. 

At the end of the analysis and of the gap filling with the generation of synthetic data, the 
complete database of the surface water withdrawals in Tuscany is constituted by about 20000 
records. In Figure 9 it is resumed the subdivision between the three main categories of use, while in 
Figure 10 and 11 the total dataset of withdrawals is compared before and after the generation of 
synthetic data. 

 

Fig. 9. Main water uses in data collected, averages at regional level (civil= domestic, water supply for potable uses and 
services; industrial; agricultural). Percentages refer to the quantities of water taken on average every year. 

 

Fig. 10. Map of water withdrawals from surface water bodies in Tuscany: information collected from local 
administrations, River Basin Authorities and the Regional Environmental Information System (SIRA). 
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Fig. 11. Map of water withdrawals from surface water bodies in Tuscany: actual and synthetic withdrawals. 

4.3. Hydrologic balance 

In this study the distributed hydrological model MOBIDIC was employed in order to assess a 
complete water balance comprehensive of the anthropic scenario given by water withdrawals.  

MOBIDIC (Modello di BIlancio DIstribuito e Continuo) is a complete distributed hydrologic 
model developed at the Civil and Environmental Engineering Department of the University of 
Florence (Castelli et al. 2009). It simulates all the main processes involved in the hydrologic 
balance: network channels flow, evapotranspiration, infiltration, adsorption, percolation, 
hypodermic flow, base flow, hillslope flow, etc. The model is able to simulate either a single 
rainfall-runoff event and the hydrologic balance for a period of several years. The complete scheme 
of the reservoirs and fluxes computed by MOBIDIC is represented in Figure 12. 

 

Fig. 12. Schematic representation of the MOBIDIC model. 
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The MOBIDIC model was used to perform simulations of the water balance at regional scale 
with and without the withdrawals scenarios. The domain of the simulation was the whole regional 
territory of the Tuscany, including its major island, Elba. The domain was represented with a 
regular grid of square cells with a spatial resolution of 500 m, for a total of approximately 90000 
cells. The stream network was represented in vectorial form, comprehending about 1600 branches. 
The time step for calculations was 1 day. The period of study was 2001-2010, while the year 2000 
was used as a warm-up period for the model. A climatic variability was present in these years, in 
particular in the summer of the years 2003 and 2007 there were two significant droughts, while the 
years 2009 and 2010 were particularly rainy.  

For the purpose of a water balance with a distributed hydrologic model, data about water 
withdrawals should include the coordinates of the point of withdrawal, the amount of water 
withdrawn, water resource use (in order to consider possible seasonality of the amount of the 
withdrawal) and the start date (timed to coincide with the start of the study period when this datum 
was missing). To consider the amount of water returned to the water body, a value of dissipative 
efficiency of withdrawal was assigned to each point, defined as the ratio between the amount of 
water consumed and the amount of water withdrawn. Agricultural withdrawals could be considered 
totally dissipative, so the value of 1 for dissipative efficiency was considered; for industrial and 
civil withdrawals (domestic, water supply for potable uses and services) it can be considered that 
20% of water withdrawn does not return to the surface water body (dissipative efficiency 0.2).  

Water withdrawals are generally characterized by a variable flow over time. To outline this 
feature, a time law was assigned to each point: uniform monthly discharges were considered for 
each point, calculated multiplying annual mean discharge by the monthly coefficients. In particular 
a decrease of the amount of water collected in August was considered for the industrial 
withdrawals, while agricultural withdrawals were considered to be concentrated in the summer 
months (see Table 11). 

 
Table 11. Variable flow over a year: monthly coefficients. 

Industrial withdrawals 
Jan Feb Mar Apr May June July August Sept Oct Nov Dec 

1,017 1,017 1,017 1,017 1,017 1,017 1,017 0,813 1,017 1,017 1,017 1,017 
Agricultural withdrawals 

Jan Feb Mar Apr May June July August Sept Oct Nov Dec 
0,064 0,064 0,064 0,097 0,719 2,877 4,991 2,587 0,343 0,064 0,064 0,064 

 
In a water balance, groundwater supply and withdrawals from wells should be also considered. 

For this kind of withdrawals detailed data were not available but MOBIDIC model allows to 
consider water loss from aquifers as a global parameter. The withdrawals from wells were then 
modeled as a global water loss from aquifers, assuming a value of about 300.000.000 m3/year, 
chosen on the basis of the estimates of water consumptions and demand for Tuscany Region 
(Regione Toscana 2008). 

4.4. Results 

The various stages of work led from data collected from regional databases to an application of 
water balance simulation. Besides an overview of available information about water withdrawals in 
Tuscany, the result of this work was therefore a quantitative scenario of anthropic pressure on the 
state of surface water bodies in Tuscany and in particular the outputs of the water balance at 
regional scale. The hydrologic model MOBIDIC simulates soil moisture, water discharge in each 
river branch and the quantities of water actually withdrawn. All these parameters can show different 
aspects of the water balance and highlight water scarcity states in a certain area at a particular 
moment.  

The amount of water actually withdrawn for each river branch is calculated in the model for each 
time step on the basis of the input data about water withdrawals (nominal value) and of the water 
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quantity present in the river branch itself. Thus, the flow rate at each time step of the calculation is 
equal to the nominal value or lower, depending on water availability in the river branch at that 
particular time step. 

The first results of the simulations are shown, in an annual-aggregated way, in Figures 13 and 
14. It results, of course, that the withdrawals trend is also influenced by rainfall and by water 
discharge. In particular, referring to the annual values, it is possible to observe a lower volume of 
water withdrawn for year 2003 (Figure 13), as consequence the drought occurred in summer. In 
general withdrawals are larger in summer (see the average monthly behavior, Figure 14), because of 
agricultural uses. The simulation didn't consider the actions taken by local authorities, which 
prevented withdrawals in some municipalities because of critical flow conditions of surface water 
bodies, such as in summer 2003. The reduction of the withdrawals evident from Figure 13 is due 
only to the reduced availability of water in a large part of the river network. 

The trough of the summer 2003 is evident also in Figure 15, in which the monthly time series for 
the whole period is shown for the rainfall, the discharges and the withdrawals. It is interesting to 
observe also another through corresponding to summer 2009, that, on average, was a quite rainy 
year. On the other side the drought of summer 2007 (the drier year of the considered period, see 
Figure 13, right panel) did not reflect in a significant way on the withdrawals. This is explained by 
the fact that the two droughts were characterized by different time and spatial distributions, that 
affected in different ways the actual availability of water in the river network (smaller monthly 
aggregated volumes, but more steady values of discharges that allowed for a large part of the water 
demand). 

  

Fig. 13. Annual rainfall [mm] and annual water withdrawal [m3] (left panel), annual discharge [m3] and annual water 
withdrawal [m3] (right panel) for the period 2001-2010 

  

Fig. 14. Average monthly rainfall [mm] and average water withdrawal [m3] (left panel), average monthly discharge 
[m3] and average water withdrawal [m3] (right panel) for the period 2001-2010 
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Fig. 15. Monthly rainfall [mm] and water withdrawal [m3] (left panel), monthly discharge [m3] and water withdrawal 
[m3] (right panel) for the period 2001-2010 

In the following Figures data for Tuscany aggregated for the main watersheds are shown during 
a drought (August 2003, left panels in Figures 16 and 17) and a rainy period (January 2009, right 
panels in Figures 16 and 17). A comparison between simulations with and without the withdrawals 
is also shown. 

In Figure 16 the soil moisture saturation for Tuscany main watersheds in August 2003 and in 
January 2009 is shown. In summer period (left panel of Figure 16) the large majority of the territory 
shows a saturation of less than 20 % (apart Elba Island), with a slightly larger presence of soil water 
in the coastal basins. In the winter map (right panel of Figure 16) the average soil saturation is 
between 40 and 50 %, with higher values mainly concentrated in the northern and eastern parts of 
the regional territory (in correspondence with the higher elevation zones). 

For the same territorial units and the same periods it is possible to show the satisfaction of water 
withdrawals expressed as percentage of the demand (Figure 17). It is evident, as expected, the better 
satisfaction of the demand in the rainy period with respect to the summer time, in particular for civil 
withdrawals. In this case the spatial patterns are more complex, depending not only by the meteoric 
input but also by the spatial distribution, intensity and destined use of the withdrawals. The most 
critical zone during the summer 2003 results to be in the north-western part of the region, with a 
satisfaction of less than 50 % of the demand.  

   

Fig. 16. Soil moisture saturation for Tuscany main watersheds (August 2003 and January 2009). The saturation is 
computed considering both small and large pore water 

The spatial pattern of the satisfaction of civil withdrawals is quite different: during 2003 drought 
the central part of the region results the most satisfied, with percentage around 60-70 %, while these 
values decrease to 50 % in the south and to less than 40 % on the coast and in the central-north part 
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of Tuscany. Part of this pattern depends on the spatial distribution of the withdrawals, that are much 
more dense in the northern half of the region (see Figure 11). In part this is confirmed by the map of 
the civil demand satisfaction in winter 2009, in which a similar pattern is present, for what concern 
a center-coastal basin and the north-western part of the territory. 

 

Fig. 17. Satisfaction of water withdrawals [%]: data for Tuscany main watersheds. August 2003 (left panels) and 
January 2009 (right panels) for agricultural, civil and industrial use 

The industrial demand satisfaction percentage is in general higher on the whole territory, and 
results to have the highest values in the north-western part, in which several industrial withdrawals 
are present. 

In order to highlight the pressure on the state of surface water bodies more in detail, in Figure 18 
the conditions of the single branches of the regional river network are compared in winter and 
summer and considering both the simulations performed: with and without withdrawals scenarios. 
In the Figure the number of days in a month [%] with discharge lower than the Q7,2 value of the 
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single branch, (the minimum 7-days mean discharge that has a 2-years return period) is shown, in 
order to give a measure of the pressure distributed on the territory.  

During the winter, the discharge is always above the cited value in the whole river network for 
both cases. In summer, on the opposite, the most part of the network shows significant water stress. 
Considering the case without withdrawal (only natural discharges) about 50 % of the branches 
shows for most part of the month discharges lower than its Q7,2 value, in particular the branches that 
present small or absent stress are mainly the lower Strahler order ones. In the case with withdrawals 
a spatial pattern is less evident: the number of days in which the discharge is below this critical 
value increase for the most part of the branches, and the percentage is above 40 % for the most part 
of the network, showing critical stresses on the whole regional territory. 

 

 

 

Fig. 18. Days in a month [%] with discharge lower than Q7,2, (the minimum 7-days mean discharge that has a 2-years 
return period). August 2003 (left panels) and January 2009 (right panels). Upper panels: with water withdrawals; 

lower panels: without water withdrawals 

5. CONCLUSIONS 

Data about water availability and consumption have a great importance in many water resources 
management problems. In particular the amount of water withdrawn, spatial location, the use to 
which the withdrawal is destined and its temporal pattern are key information for the purpose of an 
accurate hydrologic balance and for the water resources management on the territory. 

The aim of this study was to develop a methodology for the standardization of data in different 
databases and for the generation of synthetic withdrawals on the basis of the statistical 
characteristics of the actual data, in order to fill the data gaps and build a more comprehensive 
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scenario of water withdrawals on the whole domain of interest. 
The present study investigated in particular the system of knowledge on the issue of water 

withdrawals at the regional level in Tuscany, in central Italy. The analysis of the collected data from 
local administration databases showed a strongly inhomogeneous situation, with the southern areas 
characterized by a significant lack of data. The collected data were processed and synthetic data 
were generated to obtain a comprehensive map of water withdrawals and used in hydrological 
simulations at regional scale. 

The obtained water balance on the decade 2001-2010 was analyzed in order to study the spatial 
patterns of water stress on the territory and highlighting the patterns and the criticalities in terms of 
water stress. Future studies could focus on the formulation of new scenarios as variants of the 
outlined situation and on a better quantification of the compatibility of the withdrawals with a 
drought state in progress or planned.  

In conclusion, the produced database can constitute a useful tool for the management of the 
territory in terms of water resources, and the proposed methodology could be used as a basis for the 
integration observed data at the purposes of territory planning and addressing water scarcity crises. 
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