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Abstract: The Balearic Islands are a major Mediterranean tourist destination that features one of the
greatest swimming pool densities within Europe. In this paper, standard meteorological data were
combined with a diachronic swimming pool inventory to estimate water evaporation from swimming
pools over the Balearic archipelago. Evaporation was estimated using an empirical equation designed
for open-water surfaces. Results revealed a 32% increase in swimming pools’ water use by 2015.
Evaporation from swimming pools added 9.6 L of water to touristic consumption per guest night and
person, and represented 4.9% of the total urban water consumption. In 2015, almost 5 hm3 (5 billion L)
were lost from pools across the Balearic Islands. In several densely urbanized areas, evaporative
water loss from pools exceeded four million litres per square kilometre and year. The water needed
to refill the total of 62,599 swimming pools and to counteract evaporative water loss is equivalent to
1.2 pools per year. Swimming pools have rapidly proliferated across the islands. We have expounded
on this development in view of much-needed responsible water management across the islands.

Keywords: swimming pools; evaporation; tourism; water resources; Mediterranean;
water conservation

1. Introduction

1.1. Study Area and Background

The Balearic archipelago (Figure 1) ranks top among the Spanish Mediterranean tourist zones
for hotel-based sun and sea package tourists [1,2]. In 2015, 12.5 million tourist arrivals were recorded
(IBESTAT 2017b) in this top touristic destination, which has a temperate climate and attractive
beaches, good accessibility and massive touristic infrastructure, including hotels and a large airport.
Unfortunately, the tourist activity clashes with one of the most important socio-environmental issues
of the territory: water scarcity [2–4].
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Figure 1. Location density and size class distribution of swimming pools in the Balearic Islands. 

The Balearic Islands face a severe water supply problem, mainly during summer months. As a 
Mediterranean archipelago, climate drives natural variability in both seasonal and inter-annual 
precipitation, and this leads to frequent drought episodes [3] that may compromise water supply. 
The overexploitation and salinization of groundwater resources and the increasing dependence on 
desalinated water is well documented [5–8].The current mix of water sources on the islands reflects 
the technological and managerial approach to anthropogenic pressures on scarce water resources. Of 
the total water consumed, 74.95% is from groundwater bodies and only 2.95% from water reservoirs 
[9]. Treated wastewater contributes 12.44% of the water consumption, and desalinated water 9.66%. 
Under the environmental objectives of the European Union’s Groundwater Directive, half of the 
underground water bodies are classified as at-risk or severely overused [10] 

Despite early warnings that the water supply could constrain further growth, the Balearic 
Islands have pioneered the rejuvenation and innovation of the Spanish tourism model that started in 
the early 1990s and that has exacerbated water use [6]. Residential or second-home tourism is an 
integral part of this socio-economic tourist modernization, and has contributed substantially to the 
accelerated urbanization of the Spanish Mediterranean coasts and islands [11]. As a result, these areas 
are currently characterized by urban sprawl, a high proportion of second homes, high per-capita 
water consumption levels and a high sensitivity to water shortages induced by climate change [2,12]. 
Under the leitmotif “quality tourism”, development efforts over the last two decades stem from the 
successful marketing of the Balearic Islands as a residential tourism destination that responds to and 
creates holiday rental demands [13]. 

Under these conditions, the Balearic Islands face water “lock-in” in the water-dependent tourist 
and urbanization models, meaning that specific amounts of water are needed to keep hotels, 
swimming pools and second homes operational, irrespective of occupancy or use levels [14]. Water 
conservation policies are key instruments for ensuring sustainable water use, because a sufficient 
supply of water of adequate quality is indispensable to tourism, the islands’ main economy. 
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The Balearic Islands face a severe water supply problem, mainly during summer months.
As a Mediterranean archipelago, climate drives natural variability in both seasonal and inter-annual
precipitation, and this leads to frequent drought episodes [3] that may compromise water supply.
The overexploitation and salinization of groundwater resources and the increasing dependence on
desalinated water is well documented [5–8].The current mix of water sources on the islands reflects the
technological and managerial approach to anthropogenic pressures on scarce water resources. Of the
total water consumed, 74.95% is from groundwater bodies and only 2.95% from water reservoirs [9].
Treated wastewater contributes 12.44% of the water consumption, and desalinated water 9.66%. Under
the environmental objectives of the European Union’s Groundwater Directive, half of the underground
water bodies are classified as at-risk or severely overused [10]

Despite early warnings that the water supply could constrain further growth, the Balearic Islands
have pioneered the rejuvenation and innovation of the Spanish tourism model that started in the early
1990s and that has exacerbated water use [6]. Residential or second-home tourism is an integral part
of this socio-economic tourist modernization, and has contributed substantially to the accelerated
urbanization of the Spanish Mediterranean coasts and islands [11]. As a result, these areas are currently
characterized by urban sprawl, a high proportion of second homes, high per-capita water consumption
levels and a high sensitivity to water shortages induced by climate change [2,12]. Under the leitmotif
“quality tourism”, development efforts over the last two decades stem from the successful marketing
of the Balearic Islands as a residential tourism destination that responds to and creates holiday rental
demands [13].

Under these conditions, the Balearic Islands face water “lock-in” in the water-dependent tourist
and urbanization models, meaning that specific amounts of water are needed to keep hotels, swimming
pools and second homes operational, irrespective of occupancy or use levels [14]. Water conservation
policies are key instruments for ensuring sustainable water use, because a sufficient supply of water of
adequate quality is indispensable to tourism, the islands’ main economy.
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1.2. The Importance of Swimming Pools for Increasing Water Consumption Levels in the Urban and
Tourism Sectors

Most environmental studies that focus on water consumption in areas with limited water resources
(e.g., Southwestern USA, Spain) regard outdoor swimming pools as a major contributor to increasing
water consumption levels in the urban and tourism sectors. Research into swimming pool water use
is a component of a wide array of urban water sustainability studies that consider climate change,
adaptation and uncertainty [15–20].

The presence of swimming pools increases water consumption levels in the residential
sector [12,17–19,21,22]. This observation includes, but is not limited to, areas in which tourism has
blended with demographic and urban growth to create a complex urbanization of entire coastal
regions and island communities [2,12,22]. A study of Barcelona (Spain) revealed that adding a pool
to the home increases water consumption by 155 L per day [23]. Even in humid countries such as
Austria or Germany, a swimming pool increases water consumption by an average of 40 L per capita
per day [24]. Deyà-Tortella et al. (2017) analysed water bills and showed that in Mallorca (Spain),
the average water consumption in houses characterized by larger swimming pools or gardens with
lawns was 254% and 178% of the corresponding values in semi-detached houses and single-family
houses, respectively [25]. A study in South Africa estimated that the additional demand created by
swimming pools was 2200–2400 L/month or 7%–8% of the total water demand [26]. Wentz and Gober
(2007) [19] showed that on average, homes with swimming pools use more than twice as much water
outdoors compared to homes without swimming pools in Phoenix, Arizona [19].

The proliferation of swimming pools marks a transition in urban water consumption and
signifies broad changes in the urban and societal appropriation of resources. Particularly in the
built environments of the coastal Mediterranean, swimming pools are connected with shifts in the
urban lifestyles and an increase in residential tourism [12,13,22]. Residential tourism is now a global
phenomenon that comprises the occasional use of a second home for vacation and recreation, including
renting it out as a holiday home [27]. Since the mid 1990s, the extension of the Balearic Island tourist
base by the proliferation of second homes, golf courses and yacht tourism has been marketed under
the term “quality tourism” [28]. Quality tourism is increasing water demand for consumptive uses,
such as the growing numbers of outdoors swimming pools or golf courses. Business-as-usual water
policies are oriented to technological and supply solutions that rely on technological fixes such as
the desalination of brackish groundwater and seawater. Meanwhile, other approaches to address
this change in tourism and its increasing water demand are public policies to constrain urban sprawl.
Regional and urban planning have already restricted new urban development, tourist accommodation
supply and new golf courses or new villas in the countryside. Landscape preservation measures
have also questioned the suitability of constructing more swimming pools in the designated areas.
The objectives of the New Water Culture initiative is to manage water demand to make it more rational
and efficient and to repair network leakages, while the conservation of the underground water bodies
becomes the priority [10].

In summary, these findings highlight the importance of swimming pools in water consumption
analyses and their relevance to the demand side of water management. Toward this end, there is
a need to quantify the number of swimming pools in a given area and their role in that area’s urban
and tourist water consumption.

1.3. Objectives and Structure of This Paper

The present approach sought to reveal the current share and recent increase in pool water use
in the urban water budgets of the Balearic Islands by estimating the evaporative loss of water from
swimming pools. This analysis forms the basis for designed water use management and policy
interventions that could reduce the size and numbers of swimming pools or promote the use of night
covers and drainage barriers [15,26].
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In addition to previous studies, which documented the proliferation of swimming pools in
Mallorca [13] and their significance to water consumption at parcel, sub-municipal and household
levels [25,28], we broadened the scope of our study to a regional perspective. We aimed to measure the
increase in swimming pools in the Balearic Islands of Ibiza, Formentera, Menorca, and Mallorca over
the last decade, and assess the water metabolism of these swimming pools in terms of evaporative
water loss. We use the term “water use” to label the volume of potable water that, due to evaporation,
must be used to refill pools on a daily basis.

This paper is organized as follows: First, an approach to estimating the evaporation losses of
swimming pools is outlined. Secondly, a separate model for swimming pools that receive shade
through some part of the day is presented and discussed. This study outlines the spatial and temporal
patterns exhibited by swimming pool water use and their role in urban water use budgets. Thirdly, the
results are discussed and compared to the findings of similar studies.

2. Material and Methods

The following sections describe our approach to estimating water evaporation from swimming
pools on a daily basis. This includes: (i) estimation of the daily water evaporation using meteorological
station data, by means of the Penman equation for open-water surfaces [29]; (ii) spatial interpolation
of the evaporation estimates to obtain an evaporation value for any location; (iii) calculation of water
evaporation from swimming pools by multiplying the evaporation (mm or L m−2) at any given
location by the existing pool area (m2). This approach enables computation of the evaporation from
any swimming pool on a daily, monthly, or seasonal basis, which provides higher spatial and temporal
resolution than the use of annual evaporation data provided at a regional scale [12].

2.1. Climate Data

Meteorological data gathered by the Spanish Meteorological Agency (AEMET, Agencia Estatal
de Meteorología) were used to calculate the evaporation volumes from open-water surfaces. These
data comprised daily records of maximum and minimum temperature (◦C), maximum and minimum
relative humidity (%), daily average wind speed (m2 s−1) and daily global radiation (MJ m−2 day−1)
over the period 2006–2015. Data from a total of 16 automatic meteorological stations were used: 11
on the island of Mallorca, 2 on Ibiza, 2 on Menorca and 1 on Formentera. Not all stations measured
the aforementioned variables, as most automatic stations managed by the AEMET measure only
temperature and/or precipitation. Moreover, within the 2006–2015 period, some daily data were
missing. In the cases in which missing data comprised less than 5% of the total data, gaps were filled
by means of least square linear regressions using data from proximal stations as a predictor, but only
when the Pearson’s correlation coefficient between the candidate station (i.e., the station with data
gaps) and the predictor station (i.e., the station without gaps) was R > 0.7 [30].

2.2. Diachronic Mapping and Swimming Pool Surface Measurements Using Cadastral Information

A reliable inventory of swimming pools can be developed through the manual digitization of
high-resolution aerial images [12]. Over larger areas, cadastral data can be used to reliably map
swimming pools and their surface area [31].

Cadastres in Spain, first defined in 2004, are administrative registers that determine land
ownership for taxation purposes [32]. The description of each parcel must include the location and the
20-digit cadastral reference, the area and uses, the condition of the buildings, the number of floors,
a graphical representation, the economic cadastral value and the identification of the holder. Swimming
pools are assigned their own category of land use, differentiated from ponds and other structures
(Figure 2). The Virtual Office of the Cadastre (VOC) [33] grants public access to download municipal
polygon layers in shapefile format and tables containing all cadastral alphanumeric information, except
for the cadastral value and details that might reveal the identity of the holder of each plot [32].
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Figure 2. Orthophotography and illustration of the cadastral data used for diachronic mapping and
surface measurements of swimming pools.

We obtained 67 vector files (one per municipality) from the VOC [33] and the associated tables
with alphanumeric information containing—among other information—the location, shape, size and
construction year for each swimming pool entity within the Balearic Islands Cadastre (62,599 swimming
pools in 2015). A previous calculation of the number of swimming pools [13] was based on the use
of another source, the topographic map, and this is why the results differ. This information allowed
us to calculate the water evaporated from swimming pools (as described in Section 2.5), but also to
make separate annual estimates based on yearly swimming pool construction to reveal the evolution
of evaporative water loss from swimming pools over the period 2006–2015 (Figure 2).

2.3. Modelling Open-Water Evaporation

The estimated evaporation (E0) water losses were obtained using equation (Equation (1)),
proposed by Penman 1948 [29], and specifically designed to model open-water surfaces, such as
lakes, ponds, or reservoirs. This equation only accounts for the atmospheric evaporative demand,
regardless of water availability, which is mainly driven by incoming solar radiation, vapour pressure
deficit, wind speed and air temperature. The evaporation per unit surface area (mm) was estimated
using the following equation (originally proposed by Penman 1948 [29] and later adapted to metric
units by Shuttleworth (1993) [34]):

E0 =
m Rn + γ 6.43 (1 + 0.536 U2)δe

λv (m + γ)
, (1)

where E0 is the evaporation (mm), Rn is the net irradiance (MJ m−2 day−1), m is the slope of the
saturation vapor pressure curve (kPa K−1), U2 is the wind speed (m s−1), δe is the vapor pressure
deficit (kPa), λv is the latent heat of vaporization (λv = 2.45 MJ Kg−1) and γ is the psychrometric
constant (kPa K−1), which equals:

γ =
cp P
ε λv

= 0.665 ∗ 10−3 P,

where cp is the specific heat of air at a constant pressure (cp = 1.013 10−3 MJ kg−1 ◦C−1), P is
the atmospheric pressure (kPa) and ε is the ratio of the molecular weights of water vapour and
dry air (ε = 0.622). Calculations were performed with the function “Penman” of the R package
“Evapotranspiration” [35].

The different parameters in the equation were computed from basic meteorological observations,
including the air temperature, atmospheric moisture, wind speed and solar radiation, as described
in Allen et al. (1998) [36]. We used the daily data described in Section 2.1, and in the cases in which
the wind speed, relative humidity, or global radiation were missing from more than 5% of the data
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series, we followed the recommendations by the FAO [36], which include the following: (i) For missing
relative humidity data, we estimated the value of the actual vapour pressure by assuming that the
dewpoint temperature was near the daily minimum temperature (Tmin). This estimate assumes
that the air is nearly saturated at Tmin (relative humidity ≈ 100%), which is especially true in the
Balearic Islands due to the high levels of atmospheric moisture throughout the year. Calculating
the actual vapour pressure for integration into Equation (1) is described in Allen et al. (1998) [36].
(ii) Missing solar radiation data were interpolated using data from a nearby weather station only if
the physiography of the terrain was homogeneous. Stations located in the mountainous region were
analysed using the Hargreaves radiation formula, which estimates the daily solar radiation based on
the difference between the minimum and maximum daily temperatures (see Hargreaves and Samani
(1982) [37] for details). (iii) Finally, missing wind speed data were interpolated using data from nearby
stations, considering that the stations were, for the most part, governed by the same air fluxes.

Figure 3 shows a validation of the E0 estimates using meteorological data interpolated from the
Palma station versus the observed E0 from a type-A pan evaporation located in Palma, for a random
year. Equation (1) did not seem to accurately reproduce the extreme values of the E0 (see the lower
variability of the estimated versus the observed E0 values in Figure 3, left plot). However, in general,
good agreement between the estimates and the observations was obtained (Figure 3, right plot),
with a Pearson correlation of R = 0.87. The monthly and annual sums of the estimated E0 were very
similar to the observed E0 values (overestimate ≈ 5%).
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Figure 3. Estimated versus observed evaporation (E0) in Palma for 2008.

We computed the daily E0 at 16 locations across the islands for the period 2006–2015. The monthly
sums for each year and the monthly averages over the entire period were then calculated. This allowed
us to generate 12 maps of the monthly evaporation for the islands based on an ordinary co-kriging
interpolation using the elevation (100 m resolution) as a co-predictor [38]. The map overview shows a
typical seasonal distribution of E0 in Mediterranean environments. The summer months provided
evaporation sums with values up to 200 mm/month in July, and winter registered low values of E0

due to the lower temperature and higher relative humidity (Figure 4). The following spatial pattern
was generally repeated throughout the year: lower E0 values were observed at the summits of the
Tramuntana mountain range (N–NW of the Mallorca island), and increasing E0 values were observed
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toward the central and southern regions of the islands, where elevations were generally <200 m a.s.l.
Together with the spatio-temporal precipitation patterns, these characteristics were the climatic drivers
of water scarcity in the Balearic Islands, that is, low precipitation values during the summer months
and in the lowlands, and higher precipitation in the winter in the mountainous areas. This is critical
for understanding and interpreting the results of this paper, as it is precisely the central and southern
regions of the islands where most swimming pools are concentrated (Figure 1). Additionally, the
summer months feature a higher water demand associated with tourism (including evaporation from
swimming pools) and a lower water availability in atmospheric terms.
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2.4. Calculating the Water Volumes Evaporated from Swimming Pools

The interpolated maps and cadastral spatial information were used to calculate the water
evaporated at each swimming pool according to the following procedure: first, we selected swimming
pool entities within the spatial data supplied by the VOC and calculated the area of each swimming
pool based on its georeferenced graphical representation. We extracted the values (L m−2) of each
of the 12 monthly evaporation matrices and added them onto each swimming pool entity. Finally,
we obtained the evaporated water volume at each swimming pool by multiplying the swimming
pool area (m2) and the interpolated evaporation at each point (L m−2). Separately, the values at the
point locations (62,599 swimming pools) were summed up by municipality for subsequent analysis.
A kernel density function was applied to the swimming pools layer (volume of water evaporated at
each swimming pool) to extract the spatial patterns of water evaporated from the swimming pools.

2.5. Shaded Pool Correction of the Evaporation Estimates

Evaporation modelled using the Penman equation applied to places with no shelter or shade.
This is a basic assumption of the model, as the input meteorological data were assumed to be measured
at a standard meteorological station. However, many swimming pools are located amidst hotel
buildings or adjacent to house walls. Therefore, there must be some hours during the day in which
the pools are shaded, thereby receiving less radiation, which decreases evaporation. This factor was
considered in our evaporation estimates by implementing a shade model developed using standard
GIS software applied to two locations in Palma de Mallorca and Ibiza (where the measured solar
radiation data were available) near the meteorological stations from which we obtained the data.
This model computed the theoretical radiation that the pool received throughout the year considering
a detailed digital elevation model derived from the cadastral information (i.e., number of floors;
Figures 2 and 5). The modelled radiation was compared with the observed radiation, and the mean
difference was computed. This value was then subtracted from the series of observed radiation, and
the Penman model (Equation (1)) was run again using these corrected series. The new evaporation
estimates were lower than the original values at the two test locations, and the results are shown in
Section 3.4.
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3. Results and Discussion

3.1. Temporal Pattern of Swimming Pool Proliferation

A diachronic analysis of the cadastral data on swimming pools revealed a decrease in the pool
area constructed on the islands per year since 2009, most likely as a consequence of the financial and
economic crisis of 2008. However, in cumulative terms, a steady increase in the swimming pool total
surface area and number between 2006 and 2015 is evident (Figure 6).



Water 2018, 10, 1883 9 of 19

Water 2018, 10, x FOR PEER REVIEW  9 of 20 

 

1000 inhabitants, according to sports facility statistics of all 6716 outdoor and indoor swimming pools 
in Germany [39]. 

 
Figure 6. Evolution of swimming pool surface area in the Balearic Islands over a decade (2006 to 2015). 

3.2. Evaporative Water Loss from Swimming Pools 

Figure 7 shows the spatial pattern associated with swimming pool evaporative losses on 
monthly and annual bases. July and December represented the maximum and minimum evaporative 
monthly sums. The maps merge the Balearic climatology (atmospheric water demand) and 
swimming pool density. In relative terms, Ibiza Island, with the highest spatial density of pools, 
displayed the highest swimming pool evaporation value. In Mallorca, evaporation was spatially 
concentrated in those areas in which pool density and  were higher: (1) the urban areas of Palma 
Bay (W), Pollença and Alcudia Bays (NE) and the corridor between them (Palma–Alcudia highway); 
and (2) on the eastern coast, where touristic ports and high-standard second homes proliferate. The 
water loss from swimming pools in these areas may reach nearly 4 million L km−2 annually, assuming 
that no pool covers are used. The average evaporation rate is 4.4. L m−2 per day. Estimates of the pan-
evaporation rates in the desert climate of Phoenix, Arizona are 5.2 L m−2 per day, and a typical 
uncovered swimming pool with around 60,000 L loses approximately 2 meters of water a year to 
evaporation, which is 132% of the average pool filling capacity [21]. 

A summary of pool evaporation by island is shown in Table 1 (data by municipality and year is 
available, but not shown). In absolute terms, Mallorca, the largest island, accounted for the largest 
amount of water loss by evaporation, with nearly 3278 million L (3.3 hm3) in 2015, and a 31% increase 
relative to 2006. In relative terms (per island area), Ibiza showed the largest ratio of evaporative losses, 
with 1.44 million L per km2 in 2015, and a per cent change of +45% relative to 2006. In total, 4818 
million litres (4.8 hm3) were lost from swimming pools in the Balearic Islands in 2015, with a 31% 
increase compared to 2006. The water evaporated annually from swimming pools was the equivalent 
of 80,971 pool fill volumes, assuming swimming pools that typically measure 38 m2 with a depth of 
1.5 m (estimated in reference to Vidal et al. (2011) [23]) and a resulting filling capacity of 57,700 L 
(Figure 7). Considering the total 62,599 swimming pools in the archipelago, the water needed for pool 
re-filling is equivalent to 1.2 pools per year. 

2006 2008 2010 2012 2014

0
5

10
15

20
25

sw
im

m
in

g 
po

ol
 c

on
st

ru
ct

ed
 a

re
a 

(h
a 

yr
−1

)

22
0

24
0

26
0

28
0

30
0

32
0

cu
m

ul
at

iv
e 

sw
im

m
in

g 
po

ol
 a

re
a 

(h
a)

Figure 6. Evolution of swimming pool surface area in the Balearic Islands over a decade (2006 to 2015).

The number of swimming pools increased by 47.4% at a mean annual growth rate of 3.3%,
whereas the pool surface area increased on average by 3.9%, reaching more than 300 hectares in 2015.
Results from our cadastre analysis showed that hotel swimming pools represented no more than 5% of
the 62,599 swimming pools in the Balearic Islands (2015). In 2012, there were 0.05 swimming pools
per capita, and 2577.3 square metres of outdoor swimming pool water surface per 1000 inhabitants.
By comparison, in Germany, an average water surface area of 64.1 square meters was available per
1000 inhabitants, according to sports facility statistics of all 6716 outdoor and indoor swimming pools
in Germany [39].

3.2. Evaporative Water Loss from Swimming Pools

Figure 7 shows the spatial pattern associated with swimming pool evaporative losses on monthly
and annual bases. July and December represented the maximum and minimum evaporative monthly
sums. The maps merge the Balearic climatology (atmospheric water demand) and swimming pool
density. In relative terms, Ibiza Island, with the highest spatial density of pools, displayed the highest
swimming pool evaporation value. In Mallorca, evaporation was spatially concentrated in those areas
in which pool density and E0 were higher: (1) the urban areas of Palma Bay (W), Pollença and Alcudia
Bays (NE) and the corridor between them (Palma–Alcudia highway); and (2) on the eastern coast,
where touristic ports and high-standard second homes proliferate. The water loss from swimming
pools in these areas may reach nearly 4 million L km−2 annually, assuming that no pool covers are
used. The average evaporation rate is 4.4. L m−2 per day. Estimates of the pan-evaporation rates in the
desert climate of Phoenix, Arizona are 5.2 L m−2 per day, and a typical uncovered swimming pool
with around 60,000 L loses approximately 2 meters of water a year to evaporation, which is 132% of
the average pool filling capacity [21].
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A summary of pool evaporation by island is shown in Table 1 (data by municipality and year is
available, but not shown). In absolute terms, Mallorca, the largest island, accounted for the largest
amount of water loss by evaporation, with nearly 3278 million L (3.3 hm3) in 2015, and a 31% increase
relative to 2006. In relative terms (per island area), Ibiza showed the largest ratio of evaporative
losses, with 1.44 million L per km2 in 2015, and a per cent change of +45% relative to 2006. In total,
4818 million litres (4.8 hm3) were lost from swimming pools in the Balearic Islands in 2015, with a 31%
increase compared to 2006. The water evaporated annually from swimming pools was the equivalent
of 80,971 pool fill volumes, assuming swimming pools that typically measure 38 m2 with a depth of
1.5 m (estimated in reference to Vidal et al. (2011) [23]) and a resulting filling capacity of 57,700 L
(Figure 7). Considering the total 62,599 swimming pools in the archipelago, the water needed for pool
re-filling is equivalent to 1.2 pools per year.

Table 1. Evaporative water loss from swimming pools in the Balearic Islands (million L).

Island 2006 2006 Relative to Size (km2) 2015 2015 Relative to Size (km2) 2006–2015 Variation (%)

Formentera - - 30.2 0.36 -
Ibiza 565.4 0.99 822.6 1.44 45.5

Mallorca 2478.3 0.68 3278.6 0.90 32.3
Menorca 579.7 0.83 686.6 0.98 18.4

Total 3653.6 0.74 4818.07 0.98 31.9

It is instructive to compare the above figures to the reservoir capacity on Mallorca Island. Although
the largest freshwater resources in Mallorca are stored in rock aquifers (≈85%), two reservoirs were
built in the 1970s to ensure water for urban and agriculture supply. They have capacities of 7.3 and
4.6 hm3, accounting for nearly 4% of the water resources of the island [9]. At the moment of acquisition
of data for this research (autumn 2017), Spain and the Balearic Islands were in the middle of a severe
hydrological drought, and these reservoirs barely reached 40% of their capacity, accounting for a
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combined storage of 4.4 hm3 [40]. The water lost by evaporation from swimming pools in Mallorca
per year may thus represent one-third of the storage capacity of these reservoirs. During years of
water scarcity, the evaporation amounts may equal the actual water stored in reservoirs. This is just
an example that highlights the need to raise awareness of freshwater waste on the islands and to
implement water-saving measures, as we will discuss later.

Note that the above figures describing the increase in evaporative water loss from swimming pools
only reflect the increased number of swimming pools constructed between 2006 and 2015 (Figure 6).
We did not consider any patterns or trends in the atmospheric evaporative demand during that period.
The evaporation maps (Figure 7) only represent the average for the 2006–2015 period, but it is evident
that inter-annual evaporation variations must exist. Figure 8 shows that the observed evaporation
in Palma over the time span of this work (2006–2015) displayed typical inter-annual variability, but
no apparent trend was observed. Longer time periods over which observed evaporation data are
available reveal an increasing evaporation trend at a rate of +12.6 mm per year over the last 25 years.
This agrees with the general trend observed for Spain [41], and is mainly due to increasing atmospheric
temperatures and the subsequent decrease in relative humidity in the context of global warming.
The trends in Palma are representative of the trends observed in the insular territories: over short
time-scales, an increase in the swimming pool evaporative losses resulted from an increase in the
number of existing pools, but over longer periods, the increasing atmospheric water demand must
be considered. In this sense, climate projections do not augur a promising future. By the end of this
century, temperatures in the Mediterranean are projected to rise between 2 and 4 ◦C, depending on the
greenhouse gas scenario considered [42,43], and this effect will enhance the atmospheric water demand.
Climate models project increasing anticyclonic circulation over the Mediterranean with a northward
shift in the mid-latitude storm tracks leading to a decrease in precipitation by 20%–30% [42] and more
frequent and severe drought episodes [44] that are expected to aggravate the existing pressure on water
resources in this environment. Swimming pools create a water “lock-in” on the urban water supply in
the Balearics by increasing demand for water through outdoor residential amenities (see Section 1.1).
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Figure 8. Evolution of the yearly sums of the observed evaporation in Palma (Mallorca) over the period
1991–2015. The trend lines (linear regressions) are fitted to the 1991–2015 (red) and the 2006–2015
sub-period (black) observed E0 data, respectively.
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3.3. The Role of Swimming Pools in Tourist and Residential Urban Water Budgets

Water supply and consumption data do not discriminate between the tourism and the residential
urban sectors. Municipalities and water providers supply both sectors, and the aggregate data obtained
from the residential and dynamic tourist populations are used to determine the urban water demand
in the hydrological plans [25]. Water use for tourism and its different sub-sectors (i.e., hotels, second
homes, facilities, activities, etc.) eludes statistical observation [15,45]. The most widely used indicator
of water consumption in tourism, litre per guest night, must be combined with the population water
consumption per person night.

The results of our analysis revealed that evaporation from swimming pools added 9.6 L of water
consumption per guest night and person night in the Balearic Islands (Table 2). Evaporative water
loss by swimming pools represented 4.9% of urban potable water consumption and 3.6% of urban
potable water supply estimates in the Balearic Islands, respectively. In Mallorca, these values were
4.4% and 3.2% of urban potable water consumption and supply estimates, respectively. Swimming
pool water use ranged from 8.5 to 15.7 L per guest night and person night, indicating pronounced
inter-island differences in swimming pool surface availability to both residents and tourists (Table 2).
The size class distribution characterized the relatively high percentage of swimming pools connected
to individual houses rather than to official tourist accommodations in Mallorca (Figure 1; Table 2).

Table 2. Swimming pool water use indicators for the year 2015. Data source: swimming pool inventory,
evaporation calculations and data from Govern de les Illes Balears (2017, 2016); IBESTAT (2017a, 2017b).

Balearic Islands Mallorca Menorca Ibiza + Formentera

Number of municipalities 67 53 8 Ibiza: 5, Formentera: 1
Person nights [Millions.] 403.1 313.6 33.7 55.8
Guest nights [Millions.] 101.2 71.5 10.1 19.6
Swimming pools in 2006 46733 32340 7809 6624
Swimming pools in 2015 62599 43697 9252 9650
Swimming pool water use [L per guest night
and person night] 9.6 8.5 15.7 11.3

Mean municipal swimming pool water use
increase 2006–2015 in % (standard deviation)
and coefficient of variation (cv %)

40.1
(28.1)

cv 69.6%

44.3
(29.1)

cv 65.6%

15.6
(3.3)

cv 21.3%

38.5
(21.6)

cv 56.2%
(Ibiza)

Official estimates of water supply [L per guest
nights and person nights] 263.2 262.8 265.1 264.2

Water use by swimming pools as mean
percentage of official water supply estimates
per municipality (standard deviation)

6.6 (4.2) 6.8 (4.3) 6.1 (2.1)
3.9

(5.2) (Ibiza)
4.7 (Formentera)

The highest increase occurred in Menorca Island, and the variability between municipalities was
most pronounced here as well (Table 1, data by municipality and year is available in supplementary
material Table S1). Overall, different municipalities exhibited different patterns of change. This is
a subject for further research.

Among the 67 Balearic Island municipalities over the years 2000 to 2015, official estimates of
the aggregate annual water supply and consumption in the urban residential and tourist sectors are
available [46]. Calculating the indicator of litres of water supply per guest night and person night
using these data revealed that on average, 263.8 L of water per person per day were consumed at the
municipal level (Table 2). Comparing swimming pool water use indicators between municipalities
demonstrated that aggregated estimates of water consumption failed to acknowledge that an increasing
number of residents and some housing typologies (especially high-income residential houses)
translated into locally and seasonally exceptionally high pressure on water resources (Table 2).
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3.4. Corrected Estimates of Water Use by Swimming Pools That Received Less Radiation Due to Shading
During Some Hours of the Day

The results described so far do not account for shading. Pools located between the buildings of
hotels or near house walls receive reduced quantities of radiation, which translates into a lower quantity
of water lost to evaporation. Table 3 lists the differences in E0 estimated using the measured radiation
and radiation corrected with a coefficient derived from the shade model described in Section 2.5.
In the summer months, when the absolute effects of the shade on the total received radiation were
higher, the E0 could be reduced by 20 L m−2 per month. Annually, the quantity of estimated E0

was reduced by about 160 L m−2, 8% of the E0 estimates without radiation correction. These values
represent estimates at just two locations in hotel complexes in Palma and Ibiza, considering the
particular building morphology, orientation and shade configuration. Given the huge computational
effort required for the daily shade models, we could not reproduce the same analysis over the tens of
thousands of swimming pools in the islands, but we assumed that corrected E0 values associated with
shaded swimming pools were always around 5%–10% lower than those associated with shade-free
locations. We do not exactly know how many swimming pools in the islands are under the influence of
shading, and must consider these corrections merely as illustrative. Other factors might counteract the
effects of shading, and could increase the water lost from swimming pools, including water splashing
or the existence of leaks in the filter systems [14]. These aspects are far beyond the scope of this paper.
Moreover, we did not consider water loss due to the evaporation of indoor pools in the archipelago.
Existing literature elucidates models for estimating indoor pool evaporation [47,48]. However, data
vital and well-suited to our approach (i.e., indoor pool surface and indoor meteorological conditions)
do not exist. In addition, the total number of indoor swimming pools in the islands is very low.
According to tourism platform Trip Advisor [49], only 149 out of 1877 hotels listed for Mallorca (0.08%)
feature an indoor swimming pool. Furthermore, indoor conditions such as high relative humidity
and lack of wind and solar radiation result in lower water evaporation rates. Therefore, we conclude
that the amount of water loss from indoor swimming pools, compared to that of outdoors pools, is
negligible for the purpose of the present study.

Table 3. Evaporation calculations corrected for decreased radiation received by swimming pools due
to shading during some hours of the day. Units: L m−2.

Palma Palma Corrected Difference Ibiza Ibiza Corrected Difference

January 61.1 57.0 4.0 73.5 69.2 4.3
February 78.3 71.1 7.3 95.3 87.4 7.9

March 127.2 115.1 12.1 141.8 128.8 13.0
April 162.5 147.5 15.0 169.8 153.7 16.1
May 216.9 199.1 17.9 211.8 192.8 19.0
June 253.4 234.1 19.2 242.4 222.0 20.5
July 277.4 256.3 21.1 262.2 239.4 22.8

August 240.1 219.7 20.3 232.4 210.1 22.3
September 169.7 152.7 17.0 173.2 154.8 18.4

October 117.4 104.5 12.8 123.2 109.1 14.0
November 72.9 66.8 6.1 85.7 79.1 6.6
December 55.9 53.5 2.4 63.5 60.7 2.8

TOTAL (L m−2) 1832.7 1677.5 155.2 1874.7 1707.1 167.6

3.5. Swimming Pools Water Use in the Context of Water Resource Management and Policy Implications of
the Results

This analysis estimates the water volumes used by swimming pools and gives valuable insight
into the climate sensitivity of this water consumption, which is driven by temperature, precipitation
and evaporation [21]. We addressed evaporation, which is difficult to assess as it depends on the
pool water surface and climatic drivers such as air temperature, humidity, wind speed and solar
radiation. Moreover, evaporative water loss is a proxy for re-filling pools on a daily basis [14].
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This is an important contribution to the literature on outdoor water use in the form of swimming
pools, because detailed evaporation studies of small water reservoirs like swimming pools are scarce.
One reason for this scarcity is that pan-evaporation data are not available in many parts of the
world, posing methodological challenges and imposing high technological and cost demands on
in-field measurements. For example, Molina Martínez et al. (2006) [50] collected hourly averaged
Class A pan data to develop a model for pan evaporation estimates from meteorological data in
Spain. Gallego-Elvira et al. (2010) [51] surveyed agricultural water reservoirs for one year to
develop an energy balance assessment and to derive evaporation losses in the semi-arid south-eastern
region of Spain. The methodological approach demonstrated here revealed that estimates of
evaporation loss can be combined with swimming pool inventories from cadastres, geodatabases,
or orthophotography-derived maps to obtain the average water consumption figures for swimming
pools over large spatial units. As in most studies of water use in swimming pools, our analysis failed
to assess two other important aspects of pool water consumption: we did not account for initial filling
of the pool or the cleaning of pool filters [14]. As these water volumes depend on the swimming pool
numbers and evaporative water losses, the results obtained here are expected to differ from actual
values, but the general trends should be conserved.

Comparing evaporative water loss to urban water consumption levels translates the water
loss from swimming pools into temporal and spatial units that are informative and meaningful
for policymakers and practitioners. For example, our results show that evaporation in winter months,
when swimming pools are not used (November through March), represents 20%–25% of yearly
evaporation. This can bring insights into the potential water savings obtainable by introducing the
mandatory use of pool covers during such months. Pool covers are just one example of mandatory
measures of water saving that could be implemented in the Balearic Islands. However, public debate in
the Balearic Islands should go beyond the use of technological approaches for future water conservation.
The Balearic debate could learn from the experiences that other localities with limited water resources
(e.g., southwestern USA) have made with water conservation measures in comparable urban contexts.
Specifically, these are areas where a sizable portion of urban water is used for outdoor purposes, where
water prices are low, and where climate risk is just entering the public policy agenda. In a case study
on the city of Los Angeles, Mini et al. [49] showed that the effectiveness of voluntary water restrictions
was low. The objective of lowering residential water use was reached through a combination of pricing
measures and mandatory water use restrictions. Such water conservation measures had the greatest
impact on high water users in residential areas. Ninety-five percent of outdoor swimming pools in
the Balearic Islands are connected to individual houses, and the private use of swimming pools is
dominant in the Balearic Islands today. Thus, targeting households with higher water consumption
could be an effective means of lowering residential water use.

In addition to providing insight into potential water savings, our results on swimming pool water
use can inform the design of water tariffs to more effectively target high outdoor water use [25,49,50].
For Mallorca, Deyà-Tortella et al. [25] argue that policymakers should consider household typology and
the price elasticity of demand by residential households for water. Their analysis in Mallorca suggested
that a tariff scheme that differentiated between houses with or without a swimming pool, lawn, or other
housing characteristics could be fairer than the current water pricing structure. A policy that simply
increased water prices could particularly affect families with lower incomes who already consume
less water [25,48,49,52]. Based on an analysis of domestic water prices in all Mallorcan municipalities,
and in agreement with other studies [16,18,25], Hof et al. [50] showed that particularly in cases where
housing types with high-income residential houses with lawns and swimming pools dominate, the
block rate is not sufficiently progressive and water prices are too low. In fact, the water pricing structure
is so distorted that water costs for hotels are extremely low [51]. Deyà-Tortella et al. [51] revealed
the low share of water costs with respect to the total hotel operational costs and concluded that the
introduction of water-saving initiatives constitutes an effective way to reduce consumption. Hence,
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water conservation measures in the hotel and tourism sector in the Balearic Islands are expandable
and could make a sizable contribution to water conservation [51].

Water resources management in the Balearic Islands is complex, and we do not intend to propose
a quick technological fix such as pool covers to reduce total urban water consumption. Instead,
we add quantitative information on the most significant water-consuming factors in urban landscapes
across the Balearic Islands today. The quality tourism model is linked to the expansion of a spacious
residential matrix characterized by large plots, irrigated lawns and swimming pools. However,
territorial and tourism planning, with a long tradition in the Balearic Islands, has involved the
restriction of new urban development, tourist accommodation supply, new golf courses, or new villas
in the countryside [10,13,28]. The implementation of these types of preventive measures could also
involve setting an upper limit on the number of new swimming pools being constructed in order to
ensure a more sustainable use of water in the islands.

In their analysis of the effects of water price reforms on water consumption in Mallorca,
Deyà-Tortella et al. [25] concluded that policymakers should consider household typology and the
income effects of price reforms. Swimming pool proliferation over just one decade (2006–2015) and
the swimming pool density distribution provide important insights into this recent urban and tourist
transformation in the Balearic Islands. Relating land use changes to real estate development, investment
and residential tourism in Mallorca, Hof and Blázquez-Salom [13] reported a steady increase in
buildings located in the countryside, with 40,567 swimming pools being constructed in Mallorca by
2006, with 46% of them located outside of the designated urban areas. Previous analyses of a land use
inventory database and an orthophotography interpretation of Mallorca revealed that the average pool
size in single residential houses (n = 961) ranged from 26.5 m2 (standard deviation 12.7 m2) in densely
built-up areas to 37.7 m2 (standard deviation 21.7 m2) in low-density areas with a more spacious
residential matrix and larger plots (compare Hof and Schmitt (2011) [28]). Morote et al. (2017) [12]
reported that on average, single-family pools measured 39.7 m2 and community pools measured
112.7 m2. The frequency distribution of swimming pools (Figure 1) indicated that smaller pools
connected to individual houses for private use currently dominate the Balearic Islands.

Of course, water conservation measures in the agricultural sector and the hotel-based mass
tourism water demand sector over the Balearic Islands could drastically reduce the total water
consumption in the archipelago. The Balearic Islands are facing water resources problems that
are linked with and at the same time rooted in dependency on tourism as the islands’ main
industry. No single water conservation strategy will be adequate in itself, but must consider the
interdependencies and complexities of water and tourism, urban form and water consumption, and
price mechanisms across private households, tourist business and agriculture. In this context, we argue
that the first priority is to highlight and reveal the water consumption that is related to the latest tourism
development trend in the Balearic Islands and the whole Mediterranean coast, namely the proliferation
of irrigated lawns and swimming pools. Next, the effectiveness of water conservation measures in
various water demand sectors can be discussed, taking into consideration the experiences and lessons
learnt in contexts where water conservation analysis and policy is more advanced (compare [16,49]).

A more realistic, effective and sustainable solution can only lie in a holistic water resources
management. This has to include a reconsideration of the shift in the Balearic tourism model along the
residential tourism trajectory. Extending and complementing the consolidated mass tourist business,
residential tourism contributes to the increasing commodification of dwellings for holiday rentals
and stimulates an accelerated tourist demand [13]. These developments reinforce the water resources
problems that have been discussed elsewhere [6,10,12,16]. Our tentative examples for water saving
potentials are to be seen in this wider framework. We hope to alert the Balearic Islands’ population to
the existence of the water resources problems and climate risk—for example, by showing that yearly
sums of swimming pool consumptive water use can account for one-third or half of the water storage
capacity of the two reservoirs located in the Tramuntana mountain range. In the Balearic context,
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raising awareness and providing facts and numbers on the different water demand sectors is the first
step to moving towards more advanced water conservation analysis and policy.

4. Conclusions and Outlook

Our work focused on water loss from swimming pools by evaporation in the highly touristic
Balearic Islands over the last decade (2006–2015). Although we observed a trend toward fewer
swimming pools constructed per year, in cumulative terms, the number of swimming pools has clearly
increased, from 46,773 in 2006 to 62,599 in 2015. Only 5% of the pools are in hotels, while the remainder
complements the offer of residential and holiday homes, increasingly commercialized for tourist rental.
This change in the tourist model is in the public debate, which our results aim to enrich.

Open-water evaporation estimates in the archipelago can potentially reach 1800 mm per year, with
summer months accounting for more than half of the annual values. When merging these values with
the actual swimming pool area in the islands, we obtained estimates of the actual water losses from
swimming pools due to evaporation. In 2015, almost 5 hm3 were lost from swimming pools across the
entire territory, with 70% of evaporation occurring on Mallorca Island. In relative terms, Ibiza has the
largest number of swimming pools per area and accounts for the largest ratio of evaporation per unit
area. As the number of swimming pools has increased, water loss by evaporation has increased by
nearly 32% over the last decade. Evaporation and subsequent swimming pool re-filling represents
nearly 5% of urban water use in the islands, and adds 9.6 L of water consumption per guest night and
person night. In Mallorca, yearly sums can account for one-third or one-half of the storage capacity of
the two reservoirs located in the Tramuntana mountain range.

Evaporative losses from swimming pools located in the shade during some hours may decrease
evaporation by 5%–10% relative to pools under full sun exposure over the course of a day. However,
the latter results are only illustrative and may be worth investigating further to increase the accuracy
of the water loss estimates from swimming pools. Water saving strategies targeting domestic demand
can be complemented by considering these factors, although the highest water demand was coming
from agriculture [10].

The calculated evaporation increase accounted for the proliferation of swimming pools but not for
inter-annual changes in the atmospheric evaporative demands. During the study period, no particular
trend in the atmospheric terms was observed. However, we did observe a trend over a longer period
of time (i.e., the last 25 years), with an increase in the evaporative demand of 12 mm per year. Together
with the increasing temperatures projected by climate models over future decades, these results should
alert municipalities to the proliferation of swimming pools and the potential for water abuse in the
islands. Further research may account for future evaporative losses under climate change scenarios
in a likely warmer climate. A regional perspective is essential to appropriately frame our results.
In addition, analyses performed at a finer spatio-temporal scale could improve water loss estimates.
For example, by considering the local meteorological conditions (i.e., topographic effects, local winds,
thermal inversions, or even the cooling effects of lawns and trees), the effects of water splashing,
or the presence of leakages in the filtering systems. We seek to accomplish such considerations in
future research in order to provide water managers and policymakers with insights into vital water
saving improvements.

Our results should inform the Balearic population and policymakers about the pressures that
proliferating swimming pools in the archipelago may exert on freshwater resources. Public debate
over water savings strategies, such as the use of pool covers, drainage barriers, regional and tourism
planning, or changing water tariff schemes, should be opened.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/12/1883/
s1, Table S1: Evaporative water losses from swimming pools by year and municipality (million L).
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