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Abstract This study assesses evaporation losses from water reservoirs in the semi-arid
Segura basin (south-east Spain), one of the most water stressed European catchments. These
losses are evaluated from both the hydrologic and economic perspectives under different
water availability scenarios that are based on water policy trends and climate change
predictions. We take a multidisciplinary approach to the analysis, combining energy balance
models to assess the effect of climate change on evaporation from water bodies, Class-A pan
data and pan coefficients to determine evaporation loss on a regional scale, and non-linear
mathematical programming modelling to simulate the economic impact of water use and
allocation in the basin. Our results indicate that water availability could be reduced by up to
40 % in the worst-case scenario, with an economic impact in the 32–36 % range, depending
on the indicator in question. The total annual evaporation loss from reservoirs ranges from
6.5 % to 11.7 % of the water resources available for irrigation in the basin, where
evaporation from small reservoirs is more than twice that from large dams. The economic
impact of such losses increases with water scarcity, ranging from 4.3 % to 12.3 % of the
value of agricultural production, 4.0 % to 12.0 % of net margin, 5.8 % to 10.7 % of the
irrigated area, and 5.4 % to 13.5 % of agricultural employment. Results illustrate the
importance of evaporation losses from reservoirs in this region and the marked upward
trend for future scenarios. Besides, they highlight the extent of the impact of climate change
on future water resources availability and use in southern Europe.
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1 Introduction

Population growth, economic, social and urban development and, especially, irrigation have
led to large increases in water demands in Mediterranean countries. This has resulted in
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extensive water withdrawals that have come to exceed renewable water resources in some
regions, putting increasing pressure on water resources (Iglesias et al. 2007). Climate change
(CC) forecasts for Mediterranean countries suggest that the situation is likely to worsen in
the near future (IPCC 2007). The area affected by water shortages might increase within a
short time span, leading to increasing competition for available water resources (Alcamo et
al. 2003; Schröter et al. 2005) and to potential conflicts between users and regional
administrations (MED WS&D WG 2007; Iglesias 2009). Therefore, the development and
application of scientific knowledge on sustainable water resources management is of
paramount importance in Mediterranean countries (Christodoulou 2011).

Long-term water scarcity, a concept normally used to show the inability of an area’s
exploitable water resources to cover current and future water demands (Tsakiris and Spiliotis
2011), is especially severe in the Segura, a semi-arid basin located in south-east Spain.
Although the basin usually receives external resources from central Spain through the Tajo-
Segura Aqueduct (TSA), the huge expansion of the irrigated area over the last 3 decades has
caused a chronic structural water deficit that positions the Segura as one of the most water
stressed basins in the Mediterranean (MED WS&D WG 2007). In fact, the Spanish
Government selected the Segura as the Spanish Pilot River Basin within the European
Water Scarcity and Drought Expert Network. It currently suffers from water management
problems, which, as a result of CC and increasing water withdrawals, will be surely common
in most Mediterranean regions in the coming decades.

In arid and semi-arid regions, evaporation losses from water reservoirs can be potentially
large (Gupta et al. 2002; Craig et al. 2005; Gökbulak and Özhan 2006). Martínez-Granados
et al. (2011) estimated the annual evaporation loss from water reservoirs for the Segura basin
at around 78 hm3 (8.6 % of the current estimated water consumption for irrigation and 6.8 %
of the current estimated total water consumption). Such a loss affects the overall water use
efficiency in agriculture and counterbalances most of the efficiency gains derived from
generalized improvements in irrigation water distribution and application systems.

Moreover, CC predictions project an increasing water stress for southern Europe. The
Intergovernmental Panel on Climate Change expects that predicted changes in temperature
and precipitation in the Mediterranean basin will lead to substantial decreases in available water
resources, even by 40 % (IPCC 2008). Additionally, evaporation from open-water surfaces is
projected to increase since the atmosphere’s water-holding capacity increases at higher temper-
atures, whereas relative humidity is not projected to change markedly. As a result, water vapour
deficit in the atmosphere will increase, as will the evaporation rate (Trenberth et al. 2003).

In view of the relative importance of evaporation losses from water storages and the
severity of CC predictions, it is crucial to assess their magnitude and economic impact in
water stressed regions, such as the semi-arid Segura basin, to optimize water surveying,
planning and management.

There are very few studies dealing with the effect of CC on evaporation from water bodies.
Schindler and Donahue (2006) reported in research on the Experimental Lakes Area northwest
of Kenora (Canada) that, with a rise of 2 °C in average air temperature, the lake water
temperature would increase by about 1.5 °C, suggesting a substantial increase in evaporation
losses. Jurak (1989) suggested that evaporation from shallow water bodies would increase by
11–24 % on the 49th parallel of latitude in Europe for a warming of 2.8 °C. In agreement with
this, we believe the key issue for the analysis of the effect of CC on evaporation from water
bodies is an accurate computation of water temperature increases. In that sense, straightforward
mechanistic models such as the one proposed byMartínez-Alvarez et al. (2007), might forecast
(under future scenarios considering CC predictions) daily surface water temperature and
evaporation by numerically solving the energy balance at the water body surface.
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In addition, there are only a few studies assessing the impact of evaporation losses
from an economic perspective (Ward 1987; Craig et al. 2005; Martínez-Granados et
al. 2011). Specifically, Martínez-Granados et al. (2011) assessed the economic impact
of evaporation losses from water reservoirs in the Segura basin. However, no eco-
nomic assessment of evaporation losses under future water availability scenarios has
been published to date. As the agricultural sector is usually the sector most affected
by water shortages, any assessment of water evaporation losses should consider the
economic impact on irrigation.

Among the existing alternative methodologies for the economic valuation of irrigation
water, mathematical programming is the most powerful tool for valuing water resources in
agricultural systems with more than one crop, as it requires fewer data than other more costly
methods (Young 2005). Furthermore, agro-economic optimization models are the most used
approach for the economic valuation of water use in agriculture (Amini Fasakhodi et al
2010; Carmona et al. 2011; Regulwar and Gurav 2011; Martínez-Granados et al. 2011). One
of the major advantages of this type of models is that they are able to estimate the economic
impact of changes on the technical-economic parameters used in the model (water avail-
ability, crop yields, prices, costs, etc.) in order to evaluate future management alternatives at
different spatial levels or future scenarios of increased scarcity, such as CC predictions or
socio-political debates.

This study has multiple original contributions. First, we quantify the impact of future CC
predictions on evaporation from water bodies in the Segura basin. Second, we assess the
increasing relevance of evaporation losses from water reservoirs under five different water
availability scenarios. Third, we evaluate the social and economic impact of such water losses.
Finally, we assess the economic impact of the future CC scenarios on the basin’s irrigated
agriculture; this is a more accurate assessment as it accounts for the increased evaporation losses.

2 The Segura Basin and Water Reservoirs

The Segura basin is one of the most water stressed regions in the Mediterranean basin. It is a
predominantly agricultural region, where 9,830 km2 (52.1 % of the basin area) is agricultural
land, 6,800 km2 is currently cultivated, and a maximum of 2,420 km2 is irrigated land (CHS
2007). The irrigated horticultural sector plays a major role in the basin’s economy in terms of
production, employment and exports.

According to the Segura River Basin Authority (CHS 2007), the basin faces a structural
water deficit that amounts to 370 hm3yr−1. Available water resources are 1,592 hm3yr−1

sourced surface water (623 hm3yr−1; 39.1 %), groundwater (200 hm3yr−1; 12.6 %), reuse
(146 hm3yr−1; 9.2 %), desalinised (83 hm3yr−1; 5.2 %) and external water sources from the
adjacent Tajo basin (540 hm3yr−1; 33.9 %). These available water resources are not enough
to satisfy the water demand in the Segura basin, estimated at 1,962 hm3yr−1. Water demand
is to cover crop irrigation (1,662 hm3yr−1; 84.6 %), urban use (217 hm3yr−1; 11.1 %),
industrial use (23 hm3yr−1; 1.2 %) and environmental use (60 hm3yr−1; 3.1 %). This
structural deficit is covered by non-renewable groundwater pumping (approximately
140 hm3yr−1) and with deficit water application to crops (approximately 230 hm3yr−1).
Considering this deficit application of irrigation water, the real irrigation demand is
1,432 hm3yr−1. These data about water resources availability apply in theory only. They
are used for planning purposes only and represent an unrealistic optimistic scenario since
there has been a downward trend in renewable water resources over the last decades and the
TSA has never transferred the maximum legal water allotment from the Tajo basin.
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Two types of water reservoirs can be found in the Segura basin. On the one hand, there
are small reservoirs that are typically used for irrigation purposes (agricultural water
reservoirs, AWRs). They usually have a moderate surface area (from 0.1 to 3 ha), a shallow
depth (from 5 to 10 m) and are designed to help cope with the variable water allotments and
periods without supply, guaranteeing water all year round. Such small-scale reservoirs are
very numerous in arid and semi-arid regions (Krol et al. 2011). According to Martínez-
Alvarez et al. (2008), there are about 1.5×104 AWRs across the Segura basin.

On the other hand, there are Great Dams (GDs), owned and managed by the Confederación
Hidrográfica del Segura (CHS), which are instream large-sized reservoirs with a surface area
ranging from 0.2 to 15 km2 and a storage capacity from 0.07 to 250 hm3. To simplify the
analysis, in this study we consider the largest 14 of the 33 extant GDs in the Segura basin
(totalling 93 % of the area covered by GDs and 96 % of the basin’s total storage capacity).

Conversely to great dams, small reservoirs depict an insurance role against irrigation
water supply uncertainty by maintaining their evaporative surface regardless the water
scarcity condition. In a case study with unfavourable CC predictions (reduction of 10 %
in annual precipitation and increase of 15 % in reference evaporation by 2100), Krol et al.
(2011) showed that CC impacts on water availability from small reservoirs might exceed
impacts from great dams. Accordingly, the effect of evaporation losses on water availability
in future scenarios should be analysed separately for small reservoirs and great dams.

For further information on the physical environment, the agricultural sector, the water
budget or the water reservoirs in the Segura basin, see Martínez-Granados et al. (2011) and
Calatrava and Martínez-Granados (2012).

3 Climate Change Predictions for the Segura Basin

According to IPCC (2007), a very broad spectrum of future changes in regional temperature
and precipitation are possible. However, the average modelling results coming from the most
likely predictions provide good reference values for defining future possible regional CC
scenarios (Alcamo et al. 2007).

Many studies indicate that the Mediterranean basin will be the most severely affected
region in Europe (Giorgi and Lionello 2008). The already hot and semi-arid climate of
Mediterranean areas is expected to become still warmer and drier, threatening its waterways,
aquifers, hydropower, agricultural production and timber harvests (Moreno et al. 2005;
IPCC 2007, 2008).

Future water availability forecasts suggest that water availability will decrease by up to 16% in
the 2030 scenario (MIMAM 2000) and by up to 28 % in the 2060 scenario (Moreno et al. 2005)
compared with the current situation in the basin. These projections match IPCC predictions.

Dealing with temperature projections, the mean air temperature is expected to increase by
1 °C and 2.5 °C in the 2030 and 2060 scenarios, respectively (MIMAM 2000; Moreno et al.
2005). These temperature increases were expected to raise the evaporation rate over open
water by 3.1 % and 7.7 %, in the Segura basin respectively.

4 Methodology

The proposed methodological approach focuses on the comparative analysis of scenarios.
Scenarios are hypothetical sequences of events used to explore the unpredictable and
uncontrollable features of change. Scenarios can form a picture of the future, which should
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not, however, be construed as a prediction or forecast (Menzel and Matovelle 2010). Five
scenarios of increased scarcity in water availability were considered (Section 4.1).

We have used a multidisciplinary approach to study the hydrological and economic
impacts of evaporation losses on the Segura basin under the defined scenarios. This
approach combines (i) the application of energy balance models for assessing the effect of
CC on evaporation from water bodies, (ii) the use of Class-A pan data and regionally
calibrated pan coefficients for determining the evaporation loss at a regional scale and (iii)
non-linear mathematical programming modelling to evaluate the economic impact of such
losses on irrigated agriculture.

In order to focus the economic analysis on the impact of evaporation losses and to
distinguish between impacts from AWRs and from GDs, we have considered three different
“evaporation situations” for each water availability scenario:

A. Situation without evaporation water losses.
B. Situation with evaporation losses from GDs. This is the same water availability

situation considered by CHS, the regional water agency responsible for water planning
and management in the Segura basin.

C. Situation with losses from both GDs and AWRs.

Situation A is not realistic but has been considered as a benchmark for comparison with
evaporation situations B and C. The difference between the economic values associated with
situations A and B is a measure of the impact of water evaporation losses from GDs. The
difference between situations B and C is a measure of the economic impact of water
evaporation losses from AWRs. Finally, the difference between situations A and C is a
measure of the impact of water evaporation losses from both GDs and AWRs.

4.1 Water Availability Scenarios

Water availability scenarios (SC) are defined as follows (Table 1):

1. Recent past scenario (SC1). Scenario 1 represents the theoretical baseline scenario and is
based on official irrigation water resources data from the Spanish National Hydrological
Plan (MIMAM 2001). This National Plan is based on the average annual renewable water
resources inflows for 1940–1996 and assumes that the Tajo-Segura Aqueduct always
transfers its maximum legal water allotment for irrigation (399.8 hm3yr−1).

2. Scenario 2 (SC2) called “current situation” assumes that the TSA only serves half of its
maximum transferable water allotment, and that the basin surface and groundwater resources
are 20 % less than in the baseline scenario. These reductions are equivalent to the average
annual renewable water resources inflows for the 1980–2005 period (a 20 % decrease over
1940–1996) and the average amount of water effectively transferred for irrigation by the
TSA between 1979 and 2009. This current scenario is equivalent to a 27.5 % reduction in
water availability in the basin with respect to the baseline scenario (Table 1).

3. Scenario 3 (SC3) is equivalent to SC2, except that it considers that no irrigation water is
transferred to the Segura basin through the TSA. Due to both increasing water scarcity
and growing demands in the Tajo basin, legislative processes are now under discussion
that could result in the cancellation of the TSAwater transfer, at least for non-domestic
purposes, making this a feasible scenario in the near future. This scenario is equivalent
to a 41.2 % reduction in water availability with respect to the baseline scenario (Table1).

4. Scenario 4 (SC4) is the projected effect of CC on available water resources and the
evaporation rate from open water for 2030, plus TSA water transfer cancellation.
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According to MIMAM (2000), the average decrease in water resources for the Segura
basin estimated for 2030 is 16 % compared to the current scenario, equivalent to a
32.8 % reduction in the basin’s own surface and groundwater resources compared with
the baseline scenario. This scenario amounts to a total decrease of 49.7 % in Segura
basin resources for agriculture with respect to the baseline scenario (Table1). The
evaporation rate is expected to rise by 3.1 % in this scenario, as justified later.

5. Scenario 5 (SC5) is similar to SC4 above, except that it considers the effect of CC for
the 2060 horizon. The projected decrease of water resources in the Segura basin for this
time horizon is 28 % against the current situation (Moreno et al. 2005), equivalent to a
42.4 % reduction in the basin’s own resources with respect to the baseline scenario.
Adding the effect of TSA cancellation, the decrease in total Segura basin resources with
respect to the baseline scenario is 56.0 % (Table 1). Additionally, the evaporation rate is
expected to rise by 7.7 % in this scenario.

In order to simplify the analysis, no variations have been considered in desalinized water
resources or water demand for irrigation, although they could increase in the medium to long
term.

4.2 Effect of Climate Change on Evaporation from Water Bodies

We applied a modelling approach based on the mathematical formulation of the water body
energy balance (Martínez-Alvarez et al. 2007) in order to determine the effect of the
increasing air temperature (Ta) on both the water surface temperature (Ts) and the evapora-
tion rate (E) for the 2030 and 2060 scenarios. The model runs on daily basis, and is fed by
daily meteorological data (air temperature, relative humidity, wind speed and solar global
radiation) and the water body geometry (surface area, S, and depth, D). Martínez-Alvarez et
al. (2008) reported that this modelling approach could be applied to accurately derive E for
shallow water bodies in places where standard meteorological data are available.

The effect of CC on E was addressed by comparing simulations for situations with and
without Ta change. We conducted the analysis at three locations fairly representative of the
Segura basin, namely San Cayetano (coastal plain), Murcia (Segura River Valley) and

Table 1 Available water resources by source and percentage water availability in proposed scenarios with
respect to the baseline scenario in the Segura basin. TSA: Tajo Segura Aqueduct

Water resources Water availability scenario

Scenario 1
Baseline
scenario

Scenario 2
Current
situation

Scenario 3
Current situation
without TSA

Scenario 4
2030 scenario
without TSA

Scenario 5
2060 scenario
without TSA

Hm3 % Hm3 % Hm3 % Hm3 % Hm3 %

Surface resources 538.6 100 430.9 80 430.9 80 361.9 67,2 310.2 57.6

Tajo-Segura Aqueduct 399.8 100 199.9 50 0 0 0 0 0 0

Groundwater 411.8 100 324.4 80 324.4 80 276.8 67,2 237.2 57.6

Desalinized water 53.6 100 53.6 100 53.6 100 53.6 100 53.6 100

Treated wastewater 28.6 100 28.6 100 28.6 100 28.6 100 28.6 100

Total resources 1,432.4 100 1,042.4 72.8 842.5 58.8 720.9 50.3 626.6 44.0
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Jumilla (north of the basin), for the 2000–2004 period and for different combinations of S
and D. Daily meteorological data at those stations were obtained from the Servicio de
Información Agraria de Murcia website (http://siam.imida.es). The model was fed with real
meteorological data, and data with 1 °C and 2.5 °C increases in daily Ta were simulated in
order to determine the increases in Ts and E for the 2030 and 2060 scenarios, respectively
(see Section 2).

A total of 270 simulations were performed over the 5-year period for the three locations,
three temperature scenarios, and several geometrical configurations representative of the
AWRs commonly encountered in the Segura basin: two depths (D=5 and 10 m) and three
surface areas (S=103, 104 and 105m2). The increase in E was quite similar under all the
studied combinations and then its average values were considered as the expected increases
in E corresponding to the 2030 and 2060 scenarios. In absence of a better estimation, these
values were also applied for GDs.

4.3 Calculating Evaporation Losses

Regional evaporation losses from both AWRs and GDs were calculated using Class-A pan
evaporation data and regionally calibrated pan coefficients (Martínez-Alvarez et al. 2008;
Lowe et al. 2009). Evaporation from AWRs was calculated for the 2000–2006 period using
the AWRs database and the methodology proposed by Martínez-Alvarez et al. (2008).
Evaporation from GDs was determined following the methodology proposed by Martínez-
Granados et al. (2011).

For future scenarios, the expected rise in E for the 2030 and 2060 horizons was applied. The
AWR total evaporative area was the same, since AWRs will continue to serve as emergency
reserve under heavier water stressed conditions. There was only one exception: AWRs placed in
areas supplied exclusively with resources from the TSAwere considered empty in the scenarios
with water transfer cancellation. Regarding GDs, their evaporative area was decreased for each
scenario taking into account the decrease in total water resources with respect to the baseline
scenario and following the bathymetric curve for each GD. For further information about the
evaporation losses calculation, see Martínez-Granados et al. (2011).

4.4 Obtaining the Economic Value of Water Use

We evaluated the economic impact of evaporation losses under each water availability
scenario using a non-linear mathematical programming model that simulates the economic
use of water in the irrigated agriculture of the Segura basin. For detailed descriptions of the
model used, including its mathematical structure, its technical and economic coefficients and
its calibration process, see Martínez-Granados et al. (2011) and Calatrava and Martínez-
Granados (2012). We have expanded that model to include the labour requirements of each
crop in order to also compute results in terms of agricultural employment.

In this study, we used the above model to simulate the economic impact of the
reduction in the volume of available water caused by evaporation losses in each water
demand unit of the basin. This way, we were able to estimate the economic value of
such losses in each proposed water availability scenario. The economic effect of
evaporation losses from reservoirs was calculated by comparing simulations for
situations with and without evaporation losses, making a distinction between impacts
from AWRs and from GDs (situations A, B and C). The model was also used to
estimate the economic impact of the reduced water availability induced by increased
water scarcity, a feature of the considered basin scenarios.
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4.5 Study Areas and Results Aggregation

For water planning and management purposes, the Segura basin is divided into 63 agricul-
tural water demand units that are characterized by their location and the water resources they
use (MIMAM 2001). Evaporation losses were estimated at the water demand unit level, as
was the economic valuation of water. The results were then aggregated and presented for the
entire Segura basin.

4.6 Some Considerations About the Proposed Methodology and Scenarios

Despite of its numerous advantages, the proposed methodological approach has some
limitations. The approach is limited by the weaknesses inherent to the methodologies used
for estimating evaporation losses and valuing irrigation water, as well as the uncertainty of
the CC predictions. However, these limitations are outweighed by the sound accuracy level
for an assessment on such a large scale (basin level) and by the use of official meteorolog-
ical, hydrologic and economic data.

Other limitations derive from the difficulty of considering some of the technical and
economic coefficients used in our economic modelling for future 2060 scenarios. We have
used partial equilibrium modelling, where crop prices and yields are evaluated at their
historical average and production costs are evaluated at their present values. Similarly, we
have considered neither changes in crop water requirements nor potential adaptation strat-
egies for farmers. In fact, only changes in crop allocation and land abandonment have been
considered as a response to changes in water availability. However, we can guess how some
of these factors might evolve in qualitative terms.

For example, despite the increasing liberalization of world markets, the area’s intensive
export-driven horticulture is likely to see price increases as a result of reduced irrigated area,
thus partly limiting the extent of the economic impact of increased scarcity. On the contrary,
a quite likely increase in crop water requirements or in production costs would increase the
economic impact of future scarcity scenarios. Note also that some adaptation strategies are
more limited than in other areas as, for example, the potential for new water supply sources
is quite reduced or because modern irrigation technologies and deficit irrigation practices are
widespread in the basin. This strongly restricts the potential for further water saving in
response to reduced water availability. However, there is a greater potential for technical
solutions for reducing evaporation losses (see the Section 6).

5 Results

5.1 Effect of Climate Change on Evaporation from Water Bodies

The almost three hundred simulations resulted in expected average water surface tempera-
ture (Ts) rises of 0.71±0.10 °C and 1.88±0.12 °C for the 2030 and 2060 CC scenarios,
respectively. These values are in agreement with figures reported by Schindler and Donahue
(2006) in Canada for similar expected air temperature increases. There was a very slight
variability in the mean annual Ts for the studied years and different combinations of S and D,
where location in the Segura basin was responsible for most of the standard deviation.

Table 2 shows the effect of CC on evaporation (E) from water bodies for the 2030 and
2060 CC scenarios, with respect to the average values for the 2000–2004 period. The table
separates the results by locations and by S values. It only includes the average values for
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water depths of 5 and 10 m since the effect of this variable on annual evaporation was
practically negligible. According to Martínez-Alvarez et al. (2007), there were significant
differences in the annual E due to inter-annual climate variations, the station location and the
surface area of the reservoirs. Additionally, these differences between the three temperature
scenarios were evident. However, the increase in annual E for each temperature scenario was
quite similar for all studied combinations, resulting in low and uniform values of standard
deviation. Therefore, we applied rises in annual E for the 2030 and 2060 scenarios
equivalent to the average E value for the studied combinations (+3.1 % and +7.7 %
respectively). As mentioned above, these values were also applied to GDs.

5.2 Evaporation Assessment

Table 3 shows the water availability for irrigation and evaporation losses from reservoirs in
the Segura basin under the three water evaporation situations (A, B and C) for each scenario
(SC1 to SC5). Situation A adds evaporation losses in GDs to the gross water availability in
each scenario (situation B), whereas situation C deducts evaporation losses in AWRs from
situation B. Reductions in the water availability under each scenario generally resulted in
reductions of the free water surface subject to evaporation, hence reducing water losses. In
relative terms, however, notable increases in evaporation losses were observed.

Evaporation from AWRs was the same in the first two scenarios (Table 3). In spite of the
TSA supplying on average only half of its water allotment in SC2, there was no decrease in
the volume of stored water in AWRs to guarantee their insurance role. Hence, we considered
the same volume of water as in SC1 in the water loss calculation. However, the percentage of
evaporation losses with respect to the water availability increased in the SC2 due to the
reduction of water availability in the basin.

Evaporation from AWRs was calculated to decrease by approximately 20 % from SC1
and SC2 to SC3, SC4 and SC5 (Table 3), these reductions being mainly attributed to the
suppression of the TSA in the last three scenarios. The TSA cancellation scenario also
produced a decrease in the percentage evaporation losses from AWRs from SC2 to SC3 as a
consequence of the removal of water losses from AWRs located at sites irrigated from this
water source only.

In general, the trend in the percentage evaporation losses from AWRs with respect to the
total water availability in each scenario was upward and ranges from 4.6 % to 8.3 %.

On the other hand, the evaporative area of GDs also decreased for future scenarios as a
consequence of the decrease in water resources, resulting in decreasing annual evaporation

Table 3 Water availability and evaporation losses for the proposed water availability scenarios (SC1 to SC5)
and evaporation situations (A, B and C) in the Segura basin

Water
availability
scenario

Water availability (hm3) Evaporation losses (hm3)

A; No evaporation
losses

B; Minus
losses in GDs

C; Minus
losses in AWRs

Total losses
(A–C)

Losses in
GDs (A–B)

Losses in
AWRs (B–C)

SC1 1,460.16 1,432.40 1,365.46 94.70 27.76 66.94

SC2 1,066.09 1,042.42 975.48 90.61 23.67 66.94

SC3 866.19 842.52 790.48 75.71 23.67 52.04

SC4 743.65 720.87 668.68 74.97 22.78 52.19

SC5 651.54 629.63 575.25 76.29 21.91 54.38
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of water from GDs ranging from 27.76 hm3yr−1 in SC1 to 21.91 hm3yr−1 in SC5.
Particularly for SC2 and SC3, evaporation from GDs was unchanged since the suppression
of the water transferred from the Tajo basin in SC3 did not affect the evaporation from GDs,
as they are not supplied with water from the channel. As for AWRs, however, the percentage
evaporation losses from GDs with respect to the water availability increased from SC1 to
SC5.

On average for all scenarios, water evaporation from GDs is 41 % of total evaporation.
Under the current scenario, evaporation from AWRs is almost three times losses from large
reservoirs, and its relative weight will increase as water resources will decrease in future
scenarios. This is due to the insurance role of AWRs against irrigation water supply
uncertainty, a role that will be even more important in future scenarios and is likely to mean
that they will maintain most of their evaporative surface, resulting in an increasing weight of
evaporation from AWRs (Krol et al. 2011).

In short, considering the worst-case scenario (2060 horizon), water availability in the
basin might be reduced by up to 40 % with respect to the current water availability scenario
(SC2) and the percentage of total water losses from GDs and AWRs could reach 11.7 % of
the basin’s water availability.

5.3 Economic Value of Evaporation Losses Under the Different Scenarios

In general for all the scenarios, water loss from evaporation led to a reduction in the (i)
market value of agricultural production in the basin, (ii) farm net margin, (iii) cultivated area
and (iv) agricultural employment. The magnitude of such reductions increased from SC1 to
SC5 since it is strongly dependent on water availability, as shown in Table 4.

The resulting reduction in water availability for the scenarios had important economic
impacts on the basin’s irrigation (Table 4). Let us compare evaporation situation C in each of
the five water availability scenarios. We can observe that decreasing water availability
results in progressive reductions of all the economic indicators considered. For example, if
we compare the worst predicted scenario (SC5) with the current situation (SC2), the market
value of agricultural production is reduced by 706 106 € yr−1 (35.3 %), the farmers’ net
margin by 706 106 € yr−1 (32.6 %), the irrigated area by 63,790 ha (39.4 %) and agricultural
employment by 22,542 annual equivalent labour units each year (38.5 %).

The percentage reduction in the market value of agricultural production in the basin due
to evaporation losses increased from 3.6 % in SC1 to 9.2 % in SC5 and from 0.7 % to 3.1 %
in AWRs and GDs, respectively. The ratio between the two suggests that losses from AWRs
are relatively much greater than losses from GDs. On average for all water availability
scenarios, the global reduction of the market value of agricultural production due to
evaporation losses is 152 106 € yr−1, where AWRs account on average for 115 106 € yr−1.
Results in terms of foregone farm net margin paint a rather similar picture to outcomes for
the market value of foregone agricultural production for all the scenarios. This is because the
ratio between these two variables is fairly stable in the Segura basin at around 40 %.

As a result of decreased water availability in the proposed scenarios, the cultivated area
showed a quasi-linear decline of up to 123,941 ha (47 % reduction) between SC1 and SC5
(Table 4). The effect of evaporation losses on the cultivated area also increases in line with
water scarcity. On average for all water availability scenarios, the water losses result in about
12,446 ha not being cultivated in the basin, where 9,036 ha (approximately 72.5 %) are
attributed to evaporation losses from AWRs.

The decrease in water availability in the basin from SC1 to SC5 led to a reduction of
38,667 annual equivalent labour units (52 % reduction). The percentage reduction due to
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evaporation losses increased from 5.4 % to 13.5 % from SC1 to SC5. On average, the global
water losses associated with all five scenarios resulted in an annual reduction of 5,033
annual equivalent labour units, where on average 3,833 (between 75 % and 80 %) are
attributed to AWRs (Table 4).

In short, considering the 2060 horizon (SC5), the worst-case scenario, the effect of
evaporation losses from reservoirs amounts to a 12.4 % reduction in the value of foregone
agricultural production, 12.1 % in foregone farm net margin, 10.7 % in the cultivated area
and 13.5 % in the basin’s agricultural employment.

Figure 1 shows the value of average production per unit of water that is lost as
evaporation from AWRs and GDs for the studied water availability scenarios. Apart
from being greater in both absolute and relative terms, water evaporated from AWRs
is also more valuable than that lost from GDs in all scenarios (Fig. 1). For example,
water evaporated from GDs in the future CC projections (SC4 and CS5) caused an
average loss of 2.019 €/m3 and 2.145 €/m3 respectively, whereas water evaporated
from AWRs caused a loss of 2.414 €/m3 and 2.501 €/m3 respectively. This happened
because AWRs are mostly located in the most profitable areas and water losses from
GDs happen before water is transported to the irrigated areas and distributed to the
farms. As the marginal value of water decreases with water availability, the “per m3”
economic impact of the first reduction in water availability (evaporation losses from
GDs) is always less than the “per m3” impact of another reduction later on (evapo-
ration losses from AWRs).

Table 4 Economic impact of water losses by evaporation from AWRs, GDs and totals for the proposed water
availability scenarios in the Segura basin

Water
availability
scenario

Evaporation
situations

Value of production
(million € per year)

Net margin
(million €
per year)

Cultivated
area (ha)

Agricultural labour
(annual equivalent
labour units)

SC1 A. Reference
(no evaporation)

2,589 1,080 233,865 80,292

B. Minus losses in GDs 2,570 1,074 230,208 79,458

C. Minus losses in AWRs 2,477 1,037 220,193 75,958

SC2 A. Reference
(no evaporation)

2,136 914 175,318 63,250

B. Minus losses in GDs 2,112 905 172,061 62,333

C. Minus losses in AWRs 2,002 865 161,906 58,542

SC3 A. Reference
(no evaporation)

1,768 776 143,307 51,792

B. Minus losses in GDs 1,722 754 139,908 50,375

C. Minus losses in AWRs 1,610 707 131,383 46,625

SC4 A. Reference
(no evaporation)

1,613 716 124,216 46,167

B. Minus losses in GDs 1,567 695 120,755 44,792

C. Minus losses in AWRs 1,441 642 112,799 40,833

SC5 A. Reference
(no evaporation)

1,479 663 109,924 41,625

B. Minus losses in GDs 1,432 642 106,647 40,167

C. Minus losses in AWRs 1,296 583 98,116 36,000
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6 Conclusions

The present study provides a useful analysis that illustrates both the important role played by
evaporation losses from reservoirs from the hydrological and economic perspective in the
semi-arid Segura basin today and their clear and marked upward trend for future scenarios
considering CC predictions and socio-political issues.

From a hydrological perspective, reductions in water availability in possible future
scenarios leads to a decrease in the total amount of evaporation losses but also to a
significant increase in the relative importance of water losses, reaching 11.7 % of available
water resources for irrigation in the basin for the worst-case scenario (SC5). For all
scenarios, evaporation from AWRs more than doubles respective losses from GDs, and its
relative weight increases as water resources decrease in future scenarios.

From an economic perspective, the impact of evaporation losses is very significant,
especially in more unfavourable water availability scenarios, with sizeable reductions in
the (i) market value of agricultural production, (ii) farm net margin, (iii) cultivated area and
(iv) agricultural employment.

These major hydrologic and economic impacts highlight the need to take into account
evaporation losses for water management and planning in the Segura basin as much in the
current situation as in the future projections. Besides, since evaporation losses from small
reservoirs are not considered by water agencies, nor incorporated in their water budgets, the
methodologies for assessing management alternatives to improve the technical and econom-
ic efficiency of water use at different levels (basin, irrigated districts and farms) would
benefit by considering such evaporation losses.

In this sense, an accurate water management and planning for long-term scenarios should
be based on a flexible, transparent and comprehensive multi-criteria framework (Getirana et
al. 2008; Wang et al. 2008; Opricovic 2009; Tsakiris and Spiliotis 2011) and thus should
include the impact of evaporation losses from reservoirs, especially for arid and semi-arid
water stressed regions.
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Fig. 1 Value of average production per unit of water evaporation loss from AWRs and GDs for the studied
water availability scenarios
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The results in this study emphasize the need for technical alternatives aimed at reducing
evaporation from reservoirs in water stressed regions such as the Segura basin. Despite the
wide range of techniques proposed for this purpose (Brown 1988; Craig et al. 2005), the use
of suspended shade cloth covers (Martínez-Alvarez et al. 2010) and floating covers (Segal
and Burstein 2010) looks to be feasible and efficient for small regular reservoirs like AWRs,
whilst the use of monolayers spontaneously self-spread over the water surface, appears to be
better suited for medium-sized and great reservoirs (Barnes 2008).

Additionally, the progressive water availability reduction under future scenarios is
expected to increase the competition for water resources, raising the economic value of
evaporated water. This should affect the profitability of this kind of measures for reducing
evaporation.

However, the most common and planned strategies for adapting to increases in water
stress are still supply-side measures such as impounding rivers to form instream reservoirs to
increase water storage (Santos et al. 2002; Moreno et al. 2005; IPCC 2008). This strategy
represents an increase in water surface, which, together with future increases in the evapo-
ration rate, could result in additional water losses. This loss could counterbalance other
positive effects of increasing water storage in the basin water balance, resulting in even less
water availability for very stressed basins.
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