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A B S T R A C T   

Study region: The Ebro River Basin, northeast Spain. 
Study focus: The work analyzes the evolution of water temperature (Tw) in the Ebro River and its 
main tributaries, its annual cycle and its trends, as well as the effects of various natural and 
anthropogenic factors on them. 
New hydrological insights for the region: Stations located downstream of nuclear power plants 
showed an anomalous increase in Tw not consistent with the river section where they are located, 
with higher values in the lower-flow months (August to December). The stations affected by the 
main reservoirs along the Ebro River showed a lower annual temperature range and the stations 
located in large irrigation systems showed a lower summer temperature compared to other sta
tions with similar climatic conditions. Finally, there was a significant annual increase in Tw at all 
stations (mean ΔTw=0.05 ◦C/year), except those located at the head of the tributaries. These 
trends were higher for the stations downstream of the Ascó nuclear power plant (ΔTw > 0.08 ◦C/ 
year). Seasonally, the spring months showed the greatest changes, with higher increases at the 
stations downstream of Ascó (ΔTw ≥ 0.10 ◦C/year). The increase in air temperature associated 
with global warming and the decrease in flows associated with the increase in water consumption 
resulted in an increase in the temperature of the river.   

1. Introduction 

Water temperature (Tw) is an important parameter in river systems, influencing all physical, chemical and biological processes 
occurring in the water (Stevens et al., 1975). It is also an important variable affecting water quality regarding industrial water supply, 
refrigeration systems and recreational uses. High water temperature enhances the growth of microorganisms and may increase 
problems due to bad taste, odor or color and corrosion problems (WHO, 2022). On the other hand, water temperature in rivers (average 
value, evolution through the year, and long-term trends) results from natural and anthropogenic factors. Air temperature, volume of 
precipitation as rainfall and snowfall, groundwater discharge and land cover are some of the natural factors, while return flows from 
human activities such as industrial uses – mainly refrigeration-, irrigation or climate and land use changes – are some of the 
anthropogenic factors. 
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Water temperature has a paramount influence on river ecosystems, affecting the life cycles of many organisms, their rate of growth, 
and metabolic or reproductive rates and interfering with the competitiveness among species (Schmidt-Nielsen, 1997; García de Jalón, 
1996; García de Jalon et al., 1988; Ward and Stanford, 1982; Vannote and Sweeney, 1980; Nebeker, 1971). 

Water temperature also affects water composition through its influence on mineral solubility and CO₂ partial pressure (Stumm and 
Morgan, 1970). An increase in Tw generally increases salt solubility and therefore water salinity (Catalán and Catalán, 1987). An 
analysis of the main mineral dissolution rates for the waters of the Ebro River Basin showed that Tw and air temperature (Tₐ), related to 
the CO₂ partial pressure, had a positive relationship with the number of calcite- and dolomite-saturated and oversaturated samples 
(Alberto and Navas, 1987). Water temperature is also a conditioning factor for water pH, with pH decreasing as Tw increases (Lab
rador-Páez et al., 2019). The Ebro River Basin Authority (Confederación Hidrográfica del Ebro, CHE) has monitored Tw as a possible 
cause of water acidification trends (CHE, 2012) and found a general upward trend in water acidification and in Tw in many control 
points of the rivers related to the atmospheric emissions of thermal power plants. 

Dissolved oxygen (DO), an important factor for aquatic life, is determined by Tw, as cold water can hold more dissolved oxygen than 
warm water (Stevens et al., 1975). Higher Tw may also enhance organism metabolism, leading to enhanced oxygen consumption and 
decreasing DO. This alteration can contribute to anoxia events in deep rivers with low water velocity (Prats, 2011) or to the profusion 
of macrophytes in stretches downstream of major reservoirs, where minimum flows are quite constant (García Vera, 2013). In this 
regard, the CHE has implemented a water-temperature depth-profile control network throughout reservoirs in the Ebro River Basin to 
prevent eutrophication and to study water stratification (CHE, 2018). 

Water temperature is controlled primarily by climatic and geographic factors such as annual and daily solar radiation cycles, 
contribution from snowmelt, or river altitude. Many of these factors, such as rainfall, temperature or snowmelt patterns, can be 
affected by climate variability. In general, a higher altitude entails a lower average and lower annual range of Tw (Arrúe and Alberto, 
1986). Other natural drivers of Tw in a river stretch are groundwater discharge (including thermal springs), flow velocity, channel 
characteristics and storage capacity, riparian area, and inputs from tributaries (Poole and Berman, 2001). 

Human effects on Tw are normally derived from riparian and land use changes, channel alterations, and discharges (either directly 
to the main stem or through tributaries). The most important anthropogenic drivers of Tw are water storage in reservoirs and river 
regulation (Webb, 1996; Webb and Walling, 1988); discharges from nuclear or thermal power plants (Peterson and Jaske, 1968); urban 
and industrial discharges (Kinouchi et al., 2007); river channeling and riparian modifications (Poole and Berman, 2001); irrigation 
return flows (Verma, 1986); and changes in land uses or water diversions (Beschta and Taylor, 1988). 

Climate change is also an anthropogenic driver of Tw trends. It can affect Tw in a different fashion either through changes in air 
temperature or in precipitation (amount and intensity of the rainfall and the type of precipitation, rain or snow). During the last 
century, Tₐ increased over most of the Ebro River Basin, with an average increase of 0.2 ◦C per decade in the 1950–2006 period (De 
Castro et al., 2005) and a higher summer increase up to 0.34 ◦C per decade (López-Moreno et al., 2011). Land use changes also 
contribute to alterations in the flow regime (Gusarov, 2019; Fazel et al., 2017) and thus of Tw (Álvarez-Cabria et al., 2016). 

Alterations in the natural thermal regime of rivers have been found worldwide. The European Environmental Agency (EEA) re
ported an increase in Tw of 1–3 ◦C in the major European rivers over the last century (EEA, 2017). For instance, the mean Tw increased 
by 1 ◦C in the Danube River during the last century and by 3 ◦C in the lower reaches of the Rhine River between 1910 and 2010. The Tw 
increase in the Rhine River was attributed mainly to the increase in water use for cooling, with one-third attributed to the increase in Tₐ 
as a result of climate change (EEA, 2017). The main stretch of the Danube River in Austria showed an increase of 0.8–1.0 ◦C in the 
1901–1990 period, with the highest value, 2.0 ◦C, in October and November (Webb and Nobilis, 1995); part of this increase was 
associated with heated effluents and regulation and with the climate patterns of the North Atlantic Oscillation (Webb and Nobilis, 
2007). Other studies in the USA showed an increase of 0.009–0.077 ◦C/year in 20 major streams and rivers (Kaushal et al., 2010), with 
higher trends in summer months. Seven unregulated rivers in the northwestern USA showed a summer increase of 0.22 ◦C per decade 
for the 1980–2009 period, in which the dominant driving factor was the observed increase in Tₐ (Isaak et al., 2011). 

Except for some general studies in the 1980́s (Arrúe and Alberto, 1986; Alberto and Arrúe, 1986), most studies on the Tw of the Ebro 
River Basin have focused either on the effects of anthropogenic alterations on Tw or on the effects of Tw on river ecosystems (Val et al., 
2016; García de Jalón, 1996; García de Jalón et al., 1988). Most of the latter studies have generally addressed the effects of reservoirs 
and discharges from the Ascó nuclear power plant in the lower reach of the Ebro River (Arbat-Bofill et al., 2014; Prats, 2012; Prats 
et al., 2010; Val et al., 2003; Dolz et al., 1996). Other studies have analyzed the trends of Tw along with other water quality parameters 
using different statistical tools (Abaurrea et al., 2011; Valencia, 2007; Bouza, 2006) or have even developed models for the creation of 
Tw scenarios (Val et al., 2018). 

Thus, there has been a lack of specific studies on the temporal and spatial variability of Tw in the Ebro River Basin that incorporate 
the river as a continuous system. The few analyses available on Tw trends did not incorporate long and complete data series (Dia
mantini et al., 2018; Bouza-Deaño et al., 2008). Furthermore, the Ebro River Basin Authority has been recording Tw since 1972 at the 
main water quality monitoring stations along the Ebro River and its main tributaries (CHE, 2021a). This 40-year-long series offers a 
good opportunity to analyze the behavior of Tw in a global context, including spatial distribution, seasonal patterns, and long-term 
trends. 

The objectives of this paper are (i) to assess the thermal regime of the Ebro River and its main tributaries over a 40-year period; (ii) 
to establish the trends in surface water temperatures in the Ebro River Basin; and (iii) to search for patterns in the thermal regime and, 
especially, water temperature trends and their potential link to natural factors or anthropogenic drivers (such as water diversion, 
power plants cooling, urban and agricultural discharges or land use changes). This is necessarily a preliminary analysis, as it only 
addresses the course and main tributaries of the Ebro River (and does not incorporate long-term, detailed information on land uses and 
water diversion). However, it may be used as a starting point for establishing the links between climate variability, global warming and 
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Fig. 1. Map of the Ebro River Basin with the locations of the power plants, irrigated areas, main cities, and surface water quality monitoring stations used in this work. The number is the identification 
code in the surface water quality network. 
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land use changes with Tw, providing frameworks for analyzing future scenarios of water and land use and climate change on Tw, both 
directly and through diminished water resources. 

2. Materials and methods 

2.1. Description of the study area 

The Ebro River is the largest flowing river on the Iberian Peninsula, with a natural flow of 15,506 Mm3/year (1980–2017; CHE, 
2022) and a length of 950 km. It has a catchment area of 85,570 km2 with high physiographic and climatic variability. It is located 
between 4◦24′15′′ W and 43◦02′17′′ N and 0◦52′7′′ E and 40◦43′49′′ N. The basin is limited to the north by the Cantabrian Mountains 
and the Pyrenean Range (with altitudes up to 3500 m.a.s.l.) and to the south by the Iberian Ranges (up to 2500 m.a.s.l.). These ranges 
and the headwater areas have an oceanic and Mediterranean mountain climate with precipitation from 800 to 2000 mm/year and a 
mean annual air temperature (Tₐ) from 9 ◦C to 12 ◦C (CHE, 2022). In contrast, the central basin area (Ebro Depression) is characterized 
by a dry Mediterranean-continental climate, with low and discontinuous precipitation (350–700 mm/year) and a mean annual Tₐ of 
11–14 ◦C with an annual range of 17–20 ◦C (CHE, 2022). The river source is in the Cantabrian Mountains at 880 m.a.s.l. (extreme 
north–west of the basin; Fig. 1), and the river mouth is located on the Mediterranean coast in the southeastern part of the basin. 

The main tributaries of the Ebro River are located on the left bank, originating from the Pyrenees, and include the Aragón-Arga 
(natural flow 4145 Mm3/year) and Cinca-Segre (5423 Mm3/year) River systems (Fig. 1), which account for 62% of the total flow of the 
Ebro River (data for 1980–2017; CHE, 2022). The inflows from the right bank amount to only 5% of the total flow (Batalla et al., 2004). 
The Ebro River flow regime is influenced accordingly by the left bank tributaries, with a contribution of snowmelt in the late spring 
season that represents 6% of the total water supply of the Ebro River Basin (MAGRAMA, 2008). The maximum natural flow for these 
pluvio–nival or nivo–pluvial tributaries occur in the late spring months or even summer months (Bejarano et al., 2010; Masachs, 1948). 
On the other hand, the Ebro River natural flow presents a pluvial regime influenced in the middle–lower reaches by the nivo–pluvial 
regime of the left bank tributaries (Masachs, 1948) and is characterized by long periods of maximum flows during winter and spring 
(Bejarano et al., 2010). 

The mean annual flow shows a significant decreasing trend in the river tributaries, between < 1% for the Aragón-Arga River and 
3% for the Cinca- Segre River (Lorenzo-Lacruz et al., 2012; 1945–2005). The flow at the last gauging station was 2747 Mm3 /year for 
the Aragón-Arga River and 3724 Mm3 /year for the Cinca-Segre River (from 1980/81–2017/18; MAGRAMA, 2021). The Ebro River 
shows the same behavior; the mean annual flow for the final gauging station at Tortosa was 9087 Mm3 /year in the same period (31% 
lower than the historic average of 13,087 Mm3/year (1912/13–2017/18); MAGRAMA, 2021), showing a significant decreasing trend 
of − 2.9 m3 /s per year (Lorenzo-González et al., 2014). 

Irrigated agriculture is the main water user in the Ebro River Basin, accounting for 92.2% of the total diversions (CHE, 2022). The 
irrigated area has been increasing steadily in recent years and reaches almost 924,000 ha (11% of the total surface), with a current 
demand estimated at 8141 Mm3 /year (CHE, 2022). The irrigated surface is particularly important in the Cinca-Segre River Basin with 
371,000 ha (16% of the total basin), in the Arba River Basin with 60,000 ha (28%) and less important in the Aragón-Arga River Basins 
with 64,700 ha (7%) (elaborated using data from CHE, 2022). The diversions for urban (483 Mm3/year) and industrial (208 
Mm3/year) uses are much lower (CHE, 2022). 

There are some reservoirs and several weirs along the main stem used for diverting water for irrigation. The Ebro Reservoir (storage 
capacity of 540 Mm3) is located in the Ebro River headwaters and is managed mainly for regulation (Fig. 1). The lower reaches of the 
main stem are dominated by the Mequinenza Reservoir (1534 Mm3 for hydropower generation) upstream of the confluence of the 
Cinca-Segre and the smaller Ribarroja and Flix Reservoirs downstream (also for hydropower generation) (Fig. 1). Other important 
reservoirs are located on the Pyrenean tributaries: Yesa Reservoir with 476 Mm3 and Itoiz Reservoir with 418 Mm3 on the Aragón 
River Basin; El Grado-Mediano system on the Cinca River with 835 Mm3 ; Canelles-Santa Ana system with 915 Mm3 ; and Rialb 
Reservoir with 403 Mm3 in the Segre River Basin. These reservoirs supply water for the large, irrigated areas on the left margin: 
Bardenas (78,000 ha), Alto Aragón (133,000 ha), Aragón y Cataluña Canal (96,000 ha) and Urgel (66,000 ha) (CHE, 2022). 

There are two main thermal discharge sources from nuclear power plants (NPPs) (Fig. 1) along the Ebro River. The Garoña NPP, 
located in the upper reaches of the Ebro River, was active from March 1971 to December 2012 with an annual mean output of 3800 
GWh (NUCLENOR, 2013). The Garoña NPP did not have refrigeration towers and discharged to the Sobrón Reservoir (20 Mm3). The 
Ascó NPP is located in the lower reaches of the Ebro River; it has been fully active since March 1986 (with two reactors: Ascó I and Ascó 
II). The Ascó NPP has a mean annual output of 15,000 GWh (Coll et al., 1996; ANAV, 2012), and its refrigeration effluent is discharged 
directly to the Ebro River downstream of the Flix Reservoir after flowing through a refrigeration tower (built in 1995). The Ascó NPP 
has a 77 m3 /s water allowance for refrigeration and another 29 m3 /s for thermal dilution (CHE, 2008). 

Finally, the main cities along the Ebro River, Zaragoza (population 680,000) and Logroño (population 154,000) and, to a lesser 
extent Miranda de Ebro (population 38,000) in the upper reach, and their surrounding industrial areas may be another source of 
thermal affection (Fig. 1). The effluents of another four cities may affect the Tw in some left bank tributaries: Lleida (population 
138,000) on the Segre River, Vitoria (population 245,000) on the Zadorra River, Pamplona (population 195,000) on the Arga River, 
and Huesca (population 52,000) on the smaller Isuela River. 

2.2. Database 

The surface water quality control network (SWQ) of the Ebro River Basin was created by the CHE and started collecting monthly Tw 
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data in 1972–73 (MOPU, 1990). The network started with 22 monitoring stations, and today, the number of stations in the network has 
increased to more than 500 (CHE, 2021a). 

Twenty-one SWQ stations were selected on the Ebro River and its main tributaries for this study, 14 on the Ebro River and 7 on the 
main tributaries. From each station, the instant monthly data of Tw, Tₐ (CHE, 2021a; MOPU, 1990), the flow at the time of mea
surement (Qᵢ) (CHE, 2021a; MOPU, 1990) and the mean monthly flow (Qₘ) (MAGRAMA, 2021) were retrieved (one data point per 
month). Both Tw and Tₐ series were screened, and the values that were deemed blunt errors were eliminated. The sampling frequency 
was reduced in 2012 from monthly to quarterly, and thus, the data analyzed in this work correspond to monthly data in the 40-year 
period from October 1973 to September 2012, missing 8 years with a strong increase in air temperature (from 2012 to 2020). The 
information from 2012 to 2022 was not included to avoid spurious influences in the establishment of trends for months with missing 
data. 

There were two important factors in the selection of the stations: long and (reasonably) complete data series and the plausibility of 
the stations to be affected by the main temperature drivers in the Ebro River Basin; thus, they were located downstream of nuclear 
power plants, regulated reaches, reservoirs, and main irrigation areas or on the main tributaries (Table 1; Fig. 1). Data series at some 
stations were not complete (Table 1). Thus, the period from October 1975 to September 2008 was selected to compare the behavior of 
Tw throughout the year at all stations, while the trends were analyzed with the longest series available at each station. 

Two stations were selected in the headwaters of the Aragón (Aragón Jaca station [18])2 and Segre Rivers (Segre Seo station [23]), 
presumably with little or no thermal effects, and one in the headwaters of the Ebro River (Ebro Cereceda station [161]), 125 km 
downstream of the Ebro Reservoir. The thermal conditions and their changes along the main tributaries were monitored with data from 
the Arga Peralta [4], Aragón Caparroso [5] (Aragón-Arga River system), Cinca Fraga [17], Segre Serós [25] (Cinca-Segre River system) 
and Arba River Tauste stations [60]. In the upper reach of the main stem, the Ebro Miranda station [1] is the first quality station 
downstream of the Garoña NPP, and the Ebro Haro station [208] may also be affected by Garoña NPP effluent (48 km upstream), 
whereas the Ebro Ascó [163], Xerta [212] and Tortosa [27] stations are located downstream of the Ascó NPP. Along the Ebro River 
middle reaches, the main thermal influences are diversions for irrigation: Ebro Pignatelli [162], Pina [211] and Xerta [212]. In 
addition, influences due to inflows from tributaries, Ebro Castejón [2]. The stations in the lower Ebro River reaches are also affected by 
the flow regulation of the Mequinenza Reservoir, Ebro Mequinenza station [29], with two stations located downstream of the 
confluence of the Cinca River on smaller reservoirs, the Ebro Flix [210] and Ebro Ascó stations [163] (Table 1). 

Finally, 3 stations from the Spanish Meteorological Agency (AEMET, 2022) were selected to analyze monthly Ta trends: 
9170-Logroño, 9434-Zaragoza airport and 9981A-Tortosa. These stations are the closest ones to 3 quality stations on the Ebro River 
used in this work (Lodosa, Zaragoza and Tortosa, respectively) and unlike the water quality stations, they have very complete data 
series of mean daily Tₐ from 1973/74–2011/12. 

2.3. Statistical procedures 

2.3.1. Water temperature characterization 
The Tw annual cycle was characterized through a harmonic equation fitted by regression on the number of months since the 

beginning of the time series (N), which also allowed for the calculation of the average trend: 

Tw = b0 + b1 ⋅ N + c1 ⋅ sin(N ⋅ π/6)+ d1 ⋅ cos(N ⋅ π/6)+ c2 ⋅ sin(N ⋅ π/3)+ d2 ⋅ cos(N ⋅ π/3) (1)  

where b₀ (intercept of the regression) is the Tw the month prior to the beginning of the series (N = 0) and b₁ is the regression coefficient 
for N (an estimate of the trend in ◦C/month). With 12 measurements per year, ck and dk are the regression coefficients of the trans
formed variables sin (k⋅N⋅π/6) and cos (k⋅N⋅π/6), which account for cycles with angular frequency ω = 2⋅π⋅k/12 = k⋅π/6; that is, for 
cycles with a period T = 1/k yr and frequency ν = k yr− 1. Other higher and lower frequencies were tried, but only the cycles with 
Frequencies 1 and 2 (periods of one year and six months, respectively) were significant (P < 0.05) in at least one of the transformed 
variables (sine or cosine) for all series, while no other frequency showed significant coefficients. Thus, only the harmonics of order two 
were fitted to all stations. 

From the trigonometric identity 

cos(a − b) = cosa ⋅ cosb+ sina ⋅ sinb (2) 

Eq. (1) can be rewritten as: 

Tw = b0 + b1 ⋅ N +A1 ⋅ cos(N ⋅ π/6 − φ1)+A2 ⋅ cos(N ⋅ π/3 − φ2) (3)  

with 

Ak =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c2
k + d2

k

√

; φk = arctan(ck/dk)k = 1, 2 (4)  

which allows for a more direct interpretation of the parameters: Ak and φk are the amplitude and phase angle of the wave of frequency k 
(yr− 1), respectively. The phase angle in radians may be converted to months or days with: 

2 The number indicates the station ID in the surface water quality control network (SWQ). 
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φ(month) = 6 ⋅ φ(rad)/π; φ(day) = 365.25 ⋅ φ(rad)/(2 ⋅ π) (5)  

with a positive (negative) sign indicating the days after (before) the observation for which N = 0 or multiples of 12 when the cycle 
achieved its maximum. 

The significance of the linear regression between estimated and measured Tw values was used to indicate the goodness of the fit. 

2.3.2. Relationships between Tw and auxiliary variables 
The most important parameter controlling water temperature is Tₐ. A good (or bad) relationship between Tₐ and Tw points to a 

small (or large) influence of other factors and little (or large) thermal inertia at that location. Therefore, in this study, we used the 
simple linear regression of Tw on Tₐ to identify the stations where Tₐ exerted a greater influence on Tw:  

Tw = a + b⋅Tₐ                                                                                                                                                                          (6) 

Another parameter naturally related to Tw is the flow. Thus, we analyzed the relationship between Tw and the mean monthly flow 
(Qₘ) at each station. We used Qₘ instead of the instantaneous flow at the time of Tw measurement (Qᵢ) because the monthly flow series 
was far more complete. A logarithmic equation was selected because it showed the best fit at all stations.  

Tw = a + b⋅ln(Qₘ)                                                                                                                                                                    (7)  

2.3.3. Trend analysis 
Two parametric regression methods (linear regression of Tw for each individual month and harmonic analysis) and one 

nonparametric method (seasonal Kendall test along with the seasonal Kendall slope estimator; Gilbert, 1987) were used to detect and 
estimate trends in the original Tw series. 

2.4. Linear regression by month 

For a given month (i), the linear regression of the mean monthly temperature in that month (Twᵢ) on the year (Y, taken as 1 for the 
first year in each series).  

Twᵢ = aᵢ + bᵢ⋅Y                                                                                                                                                                         (8) 

yields a slope (bᵢ) that can be regarded as the trend in Tw over time (expressed in ◦C yr⁻1) for month “i”. The trends in a given month 
“i” were considered significant when the slopes bᵢ were significantly different from 0 (P < 0.05). The intercept ai yields the value of Tw 
in month “i” of year 0; that is, the year right before the beginning of the analyzed series. 

Table 1 
Monitoring stations in the Ebro River Basin SWQ network used in this work with their Tw control factors (RG, regulated river stretch; RS, station 
located on reservoir; MT, downstream from the main tributaries; PP, nuclear power plants; IR, receiving irrigation return flows and WD, water 
diversion), distance to the source (D), altitude of the station above sea level (Z), surface of the contributing basin (S), available data series and percent 
of missing observations of water temperature (Tw) data from October 1975 to September 2008 (MD).  

River ID Station Stations RG RS MT PP IR WD D (km) Z (m) S (km2) Available Date Series MD% 

Ebro 161 Ebro Cereceda + 145 547 4530 Oct-74/Jul-09  8.5 
1 Ebro Miranda + + 235 453 5480 Oct-73/Sep-12  1.0 
208 Ebro Haro + + 256 441 7300 Oct-75/Jun12  2.1 
120 Ebro Lodosa + + 363 319 12010 Oct-73/Sep-12  5.3 
2 Ebro Castejón   + + 436 260 25195 Oct-73/Sep-08  4.8 
162 Ebro Pignatelli     + + 467 249 26430 Oct-75/Sep-12  1.8 
11 Ebro Zaragoza     + 581 198 40435 Oct-73/Jul-12  0.8 
211 Ebro Pina     + 606 169 47130 Oct-74/Sep-12  1.5 
112 Ebro Sástago      + 671 138 48975 Oct-73/Jul-09  7.0 
29 Ebro Mequinenza + + 814 121 57440 Oct-76/Ago-12  13.1 
210 Ebro Flix + + + 846 41 81060 Oct-75/Jul-12  5.9 
163 Ebro Ascó + + 888 25 82245 Oct-80/Sep-12  18.9 
212 Ebro Xerta + + 908 7 82970 Oct-76/Sep-12  34.7 
27 Ebro Tortosa + + + 922 1 84230 Oct-73/Sep-12  1.0 

AragónArga 18 Aragón Jaca       33 765 240 Oct-73/Ene-09  9.1 
5 Aragón Caparroso + + 174 300 5470 Oct-73/Sep-12  7.0 
4 Arga Peralta + + 143 278 2760 Jun-74/Sep-12  7.0 

Cinca Segre 23 Segre Seo       67 672 560 Oct-74/Feb-12  8.2 
25 Segre Seros + + 255 87 12780 Oct-73/Sep-12  5.3 
17 Cinca Fraga + + 177 98 9610 Oct-73/Sep-12  2.6 

Arba 60 Arba Tauste     + 93 243 2190 Oct-74/Sep-12  7.9  
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2.5. Harmonic regression analysis 

In the harmonic regression Eq. (3), Tw was fitted to two cosine waves plus a trend. The regression coefficient b₁ in Eq. (3) yields the 
increase/decrease in Tw per month (◦C/month) and can be taken as the linear trend in Tw at each station. The trend of Tw at a given 
station was significant if the parameter b₁ was significantly different from 0 (P < 0.05). 

2.6. Seasonal Kendall slope estimator 

The nonparametric seasonal Kendall test for trend (Hirsch et al., 1982) was used to assess the presence of significant trends 
(P < 0.05), and the seasonal Kendall slope estimator (based on the Sen Median slope estimator) was used to determine the trend in 
each month and for the whole year (Hirsch et al., 1982). The homogeneity of the trends among months at each station was checked 
using a χ2 test (P = 0.05) (Gilbert, 1987). 

The Mann–Kendall method (Mann, 1945; Kendall, 1975) was selected because it can be used for non-complete data series and 
without any particular distribution (Gilbert, 1987). This method is commonly used to analyze hydrometeorological and water quality 
trends of variables such as flow, precipitation, salinity or temperature (Webb and Nobilis, 1995; Kaushal et al., 2010; López-Moreno 
et al., 2011; Prats et al., 2007; Bouza, 2006). 

3. Results 

The harmonic equation presented a good adjustment in the 21 stations, with a significant linear relation between estimated and 
observed Tw values (R2=0.782–0.927, Table 2). 

There were many missing data in the Tw series (Table 1), and in addition, Tw observations, although with monthly frequency, were 
taken randomly in day and hour within each month. The harmonic equation fills Tw monthly gaps and decreases the effects due to 
measurements in a non-representative day/hour. Therefore, the values estimated by the harmonic equation were used to calculate 
annual and monthly Tw averages, the months of maximum and minimum Tw and the range (difference between the maximum and 
minimum monthly Tw) at the different stations (Table 2). 

Table 2 
Mean annual water temperature (Tw) and annual temperature range (R) and results from the first- and second-order harmonics fitted to the Tw data for 
the 21 stations selected: amplitude (A1 and A2) and phase angle (φ1 and φ2, days from October 1, first day of the hydrological year); maximum and 
minimum Tw and month of occurrence (mon); Mean annual water temperature (Tw-H) and annual range (R-H) estimated with the fitted harmonic 
model; coefficient of determination of the linear regression between estimated and observed Tw values (R2) and standard error of harmonic equation 
estimates (SE). Series from October 1975 to September 2008.  

Harmonics  

Tw-H R-H 1st order 2nd order Max Min   

Stations Mean (◦C) Range (◦C) A1 

(◦C) 
φ1 

(d) 
A2 

(◦C) 
φ2 

(d) 
Tw Tw R2 SE 

(ºC) 
(◦C) mon (◦C) mon 

Ebro Cereceda  12.7  14.0  6.8 -59  0.5 -49  20.3 Aug  6.2 Jan  0.871  1.87 
Ebro Miranda  15.5  14.3  7.1 -51  0.4 -48  23.3 Aug  9.0 Jan  0.857  2.07 
Ebro Haro  14.9  14.5  7.1 -52  0.5 -48  22.9 Aug  8.4 Jan  0.869  2.00 
Ebro Lodosa  14.3  15.4  7.5 -57  0.6 -44  22.6 Aug  7.2 Jan  0.888  1.91 
Ebro Castejón  14.0  15.1  7.4 -61  0.5 -49  22.0 Aug  6.9 Jan  0.881  1.95 
Ebro Pignatelli  14.5  15.8  7.8 -59  0.4 -38  22.7 Aug  6.9 Jan  0.872  2.14 
Ebro Zaragoza  14.7  16.1  7.9 -61  0.4 -34  23.0 Aug  6.9 Jan  0.873  2.17 
Ebro Pina  15.2  16.3  8.1 -67  0.4 -51  23.5 Aug  7.3 Jan  0.879  2.15 
Ebro Sástago  15.9  18.0  8.9 -68  0.5 -52  25.1 Aug  7.2 Jan  0.876  2.43 
Ebro Mequinenza  15.9  15.0  7.5 -48  0.4 37  23.1 Aug  8.1 Feb  0.832  2.41 
Ebro Flix  15.2  14.8  7.4 -50  0.5 19  22.5 Aug  7.7 Jan  0.927  1.48 
Ebro Ascó  17.1  16.4  8.2 -51  0.4 6  25.4 Aug  9.0 Jan  0.907  1.90 
Ebro Xerta  17.0  15.8  7.9 -54  0.4 11  24.8 Aug  9.0 Jan  0.898  1.90 
Ebro Tortosa  17.3  15.7  7.8 -56  0.4 6  25.1 Aug  9.3 Jan  0.897  1.89 
Aragón Jaca  9.5  12.2  5.7 -56  0.8 -62  16.8 Aug  4.6 Jan  0.782  2.24 
Aragón Caparroso  13.4  15.9  8.0 -63  0.5 -72  22.0 Aug  6.1 Jan  0.862  2.36 
Arga Peralta  13.5  14.4  7.2 -62  0.4 -68  21.2 Aug  6.9 Jan  0.856  2.10 
Segre Seo  11.1  15.8  7.4 -68  0.9 -51  19.6 Aug  3.9 Jan  0.851  2.25 
Segre Serós  14.8  15.9  7.8 -66  0.5 -33  22.8 Aug  6.9 Jan  0.885  2.01 
Cinca Fraga  14.6  15.6  7.8 -69  0.4 -44  22.4 Aug  6.8 Jan  0.862  2.25 
Arba Tauste  13.6  13.5  6.6 -65  0.4 -32  20.0 Aug  6.9 Jan  0.843  2.06  
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3.1. Water temperature patterns in the Ebro River Basin 

3.1.1. Ebro River longitudinal analysis: annual and seasonal results 

3.1.1.1. Tw along the Ebro River axis. Along the Ebro River main stem, the mean annual Tw (1975–2008) increased by 4.6 ◦C from the 
first upstream station at the Ebro Cereceda station to the last station at Ebro Tortosa, resulting in an average gradient of 0.6 ◦C/100 km. 
However, this increase was not homogeneous along the river (Fig. 2; Table 2): 

(i) In the upper reaches, Tw increased 2.8 ◦C between the Ebro Cereceda (upstream of the Garoña NPP) and Ebro Miranda 
(downstream of the NPP) stations, separated by 90 km; an average increase of 3.1 ◦C/100 km. 

(ii) Flowing into the Ebro Depression, Tw decreased by 1.5 ◦C along the 201 km stretch between the Ebro Miranda and Ebro 
Castejón stations, with an average variation of − 0.7 ◦C/ km and a decrease in Tw opposite to the natural river behavior (increasing Tw 
downstream). The contribution of the large tributaries from the left bank (Aragón and Arga; with a flow higher than the Ebro River in 
this stretch, and with a lower Tw: 13.4 ◦C for the Aragón Caparroso station and 13.5 ◦C for the Arga Peralta station) could explain the 
decrease in Tw in the Ebro River from 14.3 ◦C at Lodosa to 14.0 ◦C at Castejón. 

(iii) In the lower–middle reaches of the Ebro Depression, the Ebro River temperature rose at a rate of 0.5 ◦C/100 km from Castejón 
to Mequinenza. From the Mequinenza Reservoir (Tw = 15.9 ◦C) to the Flix Dam (Tw = 15.2 ◦C), Tw decreased by 0.7 ◦C, due to the 
discharge from the Cinca-Segre system, with lower mean Tw (14.6 ◦C for the Cinca Fraga station and 14.8 ◦C for the Segre Serós 
station). 

(iv) Finally, in the lower reaches, downstream of the Ascó NPP, the Tw increased 1.9 ◦C between the Ebro Flix (15.2 ◦C) and Ebro 
Ascó (17.1 ◦C) stations (4.5 ◦C/100 km) and remained high (Tw > 17 ◦C) to the river mouth (Ebro Tortosa station). 

3.1.1.2. Annual range of Tw along the Ebro River axis. The temperature range (difference between the maximum and the minimum 
mean monthly Tw) increased steadily from the Ebro Cereceda (14.3 ◦C) station to the Ebro Pina (16.3 ◦C) station at a rate of 0.5 ◦C/ 
100 km (Fig. 2). Downstream of the Ebro Pina station, this range increased at a rate of 2.6 ◦C/100 km and had the highest Tw range at 
the Ebro Sástago station, which is the last station in the Ebro Depression upstream of the Mequinenza Reservoir. The Ebro Sástago 
station is located in the most continental and driest area of the Ebro River Basin, downstream of a reach with low slope and water 
speed. This increase in the annual Tw range down the Ebro River was caused mainly by the rise of summer Tw from Lodosa to Sástago 
(Fig. 3a). The Ebro Sástago station and the next station, Ebro Mequinenza, (not affected by NPPs stations) had the highest Tw of all 
stations analyzed (Fig. 2) (15.9 ◦C). This effect can be attributed to the natural climatic variability which is more accused in the central 
reaches of the Basin, with a more continental climate. However, the increase in the annual Tw range along the Ebro River Depression 
was reversed downstream of the Mequinenza–Ribarroja–Flix Reservoirs (Fig. 2), as reservoirs smooth river Tw (Webb, 1988). 
Downstream of the Mequinenza Reservoir, Tw decreased in summer and increased in winter. The maximum monthly Tw at Sástago 
(August) was 2.0 ◦C higher than that at Mequinenza, and the minimum Tw (January) was 1.2 ◦C lower than that at Mequinenza 
(Fig. 3b). From September to January, the Ebro Sástago station had a lower Tw than the Ebro Mequinenza station, and the opposite was 
observed from February to August (Fig. 3b). 

Mixing in the Mequinenza Reservoir reduced the annual Tw range to 15.0 ◦C. The Tw range remained low at the Flix station 
(14.8 ◦C) after the incorporation of the Cinca-Segre flows but rose at the Ascó station to 16.4 ◦C only to descend downstream to 15.8 ◦C 
at the Xerta station and 15.7 ◦C at the river mouth at the Tortosa station (Table 2; Fig. 2). Generally, the maximum Tw was found in 
August, and the minimum Tw was found in January. Only in the Mequinenza Reservoir did the Tw minimum shift to February (Table 2). 

The reservoirs not only affected the range of the annual Tw cycle but also shifted the month in which maximum and minimum Tw 
occurred in the year. At the Ebro Mequinenza station, the minimum Tw was found in February, whereas from Zaragoza to Sástago, the 

Fig. 2. Longitudinal profile of the annual mean Tw and annual range of the monthly water temperature along the Ebro River and main tributaries. 
For the tributaries, the graph shows the annual mean and range of Tw, at each station. 
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minimum occurred in January, approximately one month before. This behavior can also be appreciated through the φ1 value (shift of 
the annual wave) in the harmonic equation (Table 2). At the stations downstream of the reservoirs (Ebro Mequinenza and Ebro Flix 
stations), φ1 had the lowest absolute value in the basin, indicating that the maximum of the annual cycle was displaced only 48 

Fig. 3. Monthly Tw estimated with harmonic equations and monthly flow at the different stations on the Ebro River and main tributaries (Series 
October 75-September 08). 
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(Mequinenza) and 50 (Flix) days before October 1, while it was moved 68 days before that date at the Ebro Sástago station (Table 2). 
Throughout the basin, the peak of the annual Tw cycle occurred 51–69 days before October 1, and this shift (φ1) was highest in the 

tributaries (except for the Aragón Jaca station) and in the Ebro Depression (Table 2). Along the Ebro River, this shift was higher than 56 
days for all stations except for the Ebro Miranda and Haro stations (both downstream of the Ebro Reservoir) and in the stations 
downstream of Mequinenza, showing the impact of reservoirs in reducing this shift. In the central Ebro Depression, the shift increased 
downstream from 57 days at Lodosa to 68 days at Sástago. 

The peak of the 6-month cycles occurred before October 1 at all stations in the basin (φ₂ < 0; Table 2), except in those downstream 
of the Mequinenza Reservoir, where it occurred after that date (φ₂> 0; Table 2). Generally, the 6-month wave peaks did not follow a 
particular increasing or decreasing trend along the Ebro River or its tributaries (Table 2). The maximum of the 6-month wave was 
found just 33 days after October 1 at the mouth of the Segre (Segre Serós station) and 32 days before October 1 at the mouth of the Arba 
(Arba Tauste station) but 72 days before that date at the mouth of the Aragón (Aragón Caparroso station) (Table 2). Along the Ebro 
River upstream of Mequinenza, the maximum occurred between 6 and 52 days before October 1, with the shift being greatest at the 
Ebro Sástago station (Table 2). 

The stations located upstream and downstream of the two NPPs showed different Tw behaviors. The stations located upstream 
(Ebro Cereceda station) and downstream (Ebro Miranda station) of the Garoña NPP had similar annual ranges and cycles, but the mean 
monthly Tw at the Miranda station was approximately 2–4 ◦C higher than that at the Cereceda station (Fig. 3c). On the other hand, the 
stations upstream (Ebro Flix station) and downstream (Ebro Ascó station) of the Ascó NPP had different seasonal behaviors. The annual 
range increased from the Ebro Mequinenza and Flix stations to the Ebro Ascó station at 1.9 ◦C (Fig. 2) (same increase that showed the 
average Tw; Table 2). The increase in the monthly Tw from the Flix to Ascó stations was low and constant from November to April 
(1.4 ◦C) and higher between June and September (2.4–2.8 ◦C) (Fig. 3d). 

The Garoña NPP effluent, without a refrigeration tower, discharged into the Sobrón Reservoir. The water storage at this reservoir 
led to the absorption of this heat input in a similar way throughout the year (minimum monthly water storage: 16.0 Mm3 and 
maximum monthly water storage: 19.7 Mm3, from February 1997 to the closure of the Garoña NPP in 2012), with some differences due 
to differences in the Ebro River input-output flow into the Sobrón Reservoir; the period with low Ebro River flow and less water input 
into the reservoir (August to December) corresponded with the higher differences in Tw between the Cereceda and Miranda stations 
(>3 ◦C), with a peak occurring in November (3.8 ◦C). 

3.1.2. Tributaries: annual and seasonal results 
In the tributaries, the mean Tw and annual range increased from the headwaters to the river mouth (Table 2). The annual mean Tw 

increased at a rate of 2.8 ◦C/100 km along the Aragón River from the Jaca to Caparroso stations and 2.0 ◦C/100 km along the Segre 

Table 3 
Estimated parameters (a intercept, b slope) of the linear regression equations established between the measured monthly water temperature (Tw) and 
the air temperature at the time of sampling (Tₐ) and the natural logarithms of the mean monthly flow (Qₘ): coefficients of determination (R2) and 
standard error of the estimates (SE). Level of significance: *** P < 0.001; ** P < 0.01; and * P < 0.05. The mean monthly water temperature (Tw), 
mean monthly air temperature (Tₐ) in the station, and mean monthly flow (Qm) are also given (all available data for the period 1973/74–2011/12).   

Tw –Tₐ Tw –Qₘ     

Tw = a + b⋅Tₐ Tw = a + b⋅ln (Qₘ) Annual average 

Stations a b R2 SE a b R2 SE Tw 

(ºC) 
Tₐ 
(ºC) 

Qm 

(m3/s) 

Ebro Cereceda(2)  4.172  0.601  0.762***  2.55  19.16  -1.90  0.078***  5.06  12.6  14.1  44 
Ebro Miranda  6.124  0.626  0.668***  3.22  28.35  -3.60  0.202***  4.99  15.5  15.0  49 
Ebro Haro(1)  4.610  0.703  0.719***  2.93  24.73  -2.62  0.172***  5.01  15.0  14.6  – 
Ebro Lodosa  2.957  0.750  0.782***  2.68  33.41  -4.38  0.266***  4.92  14.4  15.2  99 
Ebro Castejón  4.817  0.587  0.545***  3.80  35.03  -4.29  0.484***  4.07  14.0  15.5  197 
Ebro Pignatelli(2)  2.747  0.741  0.812***  2.63  33.12  -3.96  0.544***  4.03  14.6  16.0  225 
Ebro Zaragoza  3.078  0.709  0.815***  2.62  35.03  -4.29  0.484***  4.07  14.9  16.5  207 
Ebro Pina(1)  3.722  0.657  0.817***  2.67  38.45  -4.16  0.550***  3.81  15.2  17.4  – 
Ebro Sástago(2)  3.105  0.733  0.795***  3.12  42.41  -5.35  0.480***  4.90  15.8  17.3  222 
Ebro Mequinenza  6.235  0.550  0.618***  3.65  35.02  -3.82  0.276***  4.98  15.9  17.5  212 
Ebro Flix  4.363  0.581  0.709***  2.98  40.11  -4.47  0.230***  4.82  15.3  18.8  312 
Ebro Ascó(2)  4.154  0.655  0.725***  3.25  47.01  -5.30  0.245***  5.30  17.2  20.0  303 
Ebro Xerta(1)  3.345  0.671  0.709***  3.21  30.05  -2.39  0.134**  5.44  17.1  20.5  – 
Ebro Tortosa  2.293  0.729  0.771***  2.86  45.80  -5.20  0.366***  4.74  17.3  20.6  312 
Aragón Jaca  1.793  0.516  0.724***  2.50  11.45  -1.46  0.086***  4.57  9.5  14.9  5 
Aragón Caparroso  2.031  0.747  0.827***  2.55  24.20  -3.19  0.296***  5.12  13.5  15.3  45 
Arga Peralta  2.415  0.740  0.828***  2.32  26.86  -3.92  0.444***  4.15  13.6  15.1  44 
Segre Seo  1.169  0.593  0.771***  2.78  13.79  -1.25  0.034**  5.72  11.0  16.5  12 
Segre Seros  3.330  0.697  0.839***  2.35  22.54  -1.90  0.039***  5.76  14.8  16.3  69 
Cinca Fraga(2)  2.641  0.708  0.858***  2.29  23.29  -2.13  0.056***  5.65  14.6  16.9  69 
Arba Tauste  3.848  0.615  0.798***  2.35  10.43  + 1.64  0.041***  5.17  13.6  16.0  7 

(1) Stations with no Qm data available; the instantaneous flow data Qᵢ were used. 
(2) Stations with incomplete flow data. 
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River from the Seo to Serós stations. The Arga River flows into the Aragón at Peralta (Arga Peralta station), very close to the mouth of 
the Aragón into the Ebro, with a Tw (13.5 ◦C) very similar to that of the Aragón at its mouth (13.4 ◦C, Aragón Caparroso station). In the 
same way, the Segre River joins the Cinca a few kilometers downstream of the Segre Serós station, very close to the Cinca Fraga station. 
The Tw at the Segre Serós station (14.8 ◦C) and Cinca Fraga station (14.6 ◦C) were also very similar (Table 2). 

The stations located at the river mouth of the main tributaries had similar annual Tw ranges to those located in the middle reaches of 
the Ebro River (Pignatelli to Pina stations), (~16 ◦C) with the exception of the Arga Peralta station (Table 2). This station had higher 
Tw in autumn and winter and lower Tw in summer than the Aragón Caparroso station (Fig. 3g). 

Another seasonal Tw feature in the tributaries relative to the natural climate variability could be found at the headwater stations 
(Segre Seo and Aragón Jaca stations), where the higher flows occurred in May and June (Figs. 3g and 3h) due to snowmelt. At these 
stations, the amplitude of the six-month wave (φ₂) was much higher (A₂=0.8 ◦C at Jaca and 0.9 ◦C at Seo) than at the rest of the stations 
in the basin (A₂ from 0.4 ◦C to 0.6 ◦C) (Table 2), pointing to a greater influence of snowmelt. This fact was also shown by the evolution 
of Tw throughout the year at both stations, with a clear decrease from the annual cycle in spring (Figs. 3g and 3h). 

The effects of the Aragón-Arga, Arba and Cinca-Segre tributary systems on the Ebro River Tw were different. The Aragón River flows 
into the Ebro River downstream of the Ebro Lodosa station and upstream of the Ebro Castejón station. The tributary mouth stations 
(Arga Peralta and Aragón Caparroso stations) had lower Tw than the Ebro Lodosa station in all months except for spring, and it was only 
in this season that Tw increased slightly (<0.3 ◦C) from Lodosa to Castejón (Fig. 3e). For the rest of the year, Tw was higher at Lodosa 
than at Castejón, with the maximum difference found in September-October (0.9 ◦C). 

The Arba River mouth station at Tauste had an annual range of only 13.5 ◦C, the lowest annual range only after the Aragón Jaca 
station (Table 2) and quite unlike the other tributaries on the left margin (Aragón-Arga and Cinca-Segre) (Fig. 2). 

On the other hand, the Cinca-Segre system discharges to the Ebro River into the Ribarroja Reservoir, downstream of the Mequi
nenza Reservoir. The effect of the Cinca-Segre discharge on the Ebro River Tw supersedes the effect of the Mequinenza Reservoir 
(largest reservoir in the basin, 1500 Mm3) with a marked influence on the annual Tw cycle. 

3.2. Relationship of Tw – Tₐ and Tw – streamflow 

All stations analyzed showed a high correlation between air temperature and water temperature (Tₐ and Tw taken simultaneously), 
but some differences were found between stations. The linear relationship between Tₐ and Tw (Table 3) was strong (R2>0.80; 
SE<3.12 ◦C) in the Ebro Depression from Pignatelli to Sástago and at the tributary mouths (Arga Peralta, Aragón Caparroso, Cinca 
Fraga, Segre Serós, and Arba Tauste stations). These stations are characterized by a common physical river morphology with open 
valleys, meandering reaches and low water velocity, while their main effects come from irrigated, industrial and urban areas. 

The relationship was weaker (R2=0.70–0.80; SE=2.86–3.65 ◦C) at the stations downstream of the reservoirs (Ebro Flix station) and 
the NPPs (Ebro Haro, Ebro Ascó, Ebro Xerta and Ebro Tortosa stations), where the different thermal effects had a higher weight on Tw 
than on Tₐ. 

The stations located in the headwaters, Aragón Jaca and Segre Seo stations, also had a weaker relationship between Tw and Tₐ (R2 

=0.70–0.80; SE= 2.50–2.78 ◦C). In this case, the effect of snowmelt in spring, the different behavior of water and air at freezing 
temperatures in winter or even the high-speed flow and changes in the Tₐ with altitude could weaken this relationship. 

The relationship between Tw and Tₐ was even weaker (R2<0.70; SE>3.22 ◦C) at the Ebro Miranda, Ebro Castejón and Ebro 
Mequinenza stations. At the Miranda station, the Tw was largely controlled by Garoña NPP discharges and the absorption of this heat 
input by Sobrón Reservoir, as shown by its seasonal behavior. At the Mequinenza station, the heat storage in the reservoir and the 
altered regime of seasonal inputs- and outputs- controlled Tw in addition to Tₐ, while at the Castejón station, Tw was also affected by 
discharges from the Aragón-Arga system. 

In general, the relationship between Tw and flow in the Ebro River and main tributaries, although statistically significant, was 
weaker than that with Tₐ. At all stations except for the Arba Tauste station, Tw decreased with Qₘ (higher flows caused lower Tw). The 
coefficient of determination at most study stations was lower than 0.50, and the standard error (SE) was higher than 4 ◦C (Table 3). 

Fig. 4. Linear regression between annual Tw trends calculated by the seasonal Kendall method and by the harmonic equation method (a) and the 
monthly Tw trends calculated by the seasonal Kendall method and by the monthly linear regression method (b). 
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The relationship between Tw and flow was stronger at the stations located throughout the Ebro River Depression from Castejón to 
Sástago (R2>0.45; SE<4.10 ◦C). The Ebro River stations downstream of the main reservoir and NPP discharges, from Miranda to Haro 
and from Mequinenza to Xerta, had weaker relationships (R2<0.30; SE> 4.74 ◦C). 

The tributaries with greater irrigation development in their basins (Cinca Fraga and Arba Tauste stations) had the weakest re
lationships at the stations at the river mouths (R2<0.10; SE>5.1 ◦C); for the Arba River, the relationship was also inverted (b>0) in 
relation to the other stations. At this station, higher flows corresponded with higher Tw during the summer months. 

Finally, the stations in the headwaters (Segre Seo, Aragón Jaca and Ebro Cereceda stations) also had very weak relationships 
(R2<0.10; SE>4.6 ◦C). 

3.3. Trends in water temperature in the Ebro River Basin 

The annual trend estimates using the harmonic equation and the Mann–Kendall method (M–K) were similar, with a very strong 
linear relationship and coefficient of determination, R2= 0.976 (Fig. 4a). The monthly trends obtained by linear regression for each 
month and by the seasonal Kendall slope estimator also showed a very strong linear relationship (R2 = 0.949) (Fig. 4b). In both cases, 
the slopes of the linear regressions were not significantly different from 1, and the intercepts were not significantly different from 
0 (P > 0.95), indicating nonsignificant differences in the trends estimated by the different methods (Fig. 4; Table 4). 

The seasonal Kendall slope estimator was chosen to evaluate the Tw trends because this method (i) does not require normal data, (ii) 
is less sensitive to outliers, and (iii) allows for testing the homogeneity of trends in different seasons and identifying months with higher 
trends. 

Table 4 
Monthly and annual Tw trend (◦C/year) estimated by the seasonal Kendall slope estimator method. The stations with a significantly homogeneous 
trend for all months are marked with H-U, and the stations with a homogeneous trend not significantly different from 0 in all seasons are marked with 
H-0. Significant trends are shadowed (p<0.05).  
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3.3.1. Annual trends 
The annual trend increased downstream on the Ebro River from 0.04 ◦C/year at Cereceda to 0.09 ◦C/year at Tortosa, showing some 

irregularity along the river (Fig. 5). In the upper reaches, the rate of Tw increase (ΔTw) rose from 0.04 ◦C/year at Cereceda to 0.05 ◦C/ 
year at Miranda and Haro and then declined to 0.03 ◦C/year at the next station, Lodosa. Along the Ebro Depression, ΔTw remained 
between 0.04 and 0.06 ◦C/year, reaching the highest value at Sástago, ΔTw = 0.08 ◦C/year. 

In the stations located in the Mequinenza and Flix reservoirs, ΔTw was lower than that at the upstream stations, approximately 
0.03–0.04 ◦C/year, and finally, ΔTw showed a large increase at the last stations, from Ascó (ΔTw = 0.12 ◦C/year), where it reached the 
highest value in the basin, to Xerta (ΔTw = 0.08 ◦C/year) and Tortosa (ΔTw = 0.09 ◦C/year). 

The thermal discharges from the NPPs increased the annual ΔTw at the stations located immediately downstream. The two stations 
immediately downstream of the Garoña NPP, Ebro Miranda and Ebro Haro stations, had higher annual trends (0.05 ◦C/year) than 
those upstream of the Ebro Cereceda station (0.04 ◦C/year) and downstream of the Ebro Lodosa station (0.03 ◦C/year) (Table 4). 

In the case of the Ascó NPP, this effect was higher; ΔTw was 0.04 ◦C/year at Flix, upstream of the NPP, but 0.12 ◦C/year at Ascó, 
downstream. The mean annual ΔTw of all stations on the Ebro River was close to 0.05 ◦C/year (1.9 ◦C increase from 1973 to 2012), 
while at the Ebro Ascó station, it reached 0.12 ◦C/year (equivalent to an increase of 4.5 ◦C from 1973 to 2012). 

The annual trend in the middle Ebro River at Sástago reached 0.08 ◦C/year and decreased at the stations downstream of the 
reservoirs (Ebro Mequinenza and Ebro Flix stations) to 0.04 ◦C/year. Water storage in the reservoirs may have contributed to reducing 
the ΔTw, but although lower, ΔTw remained significant at these two stations. 

The annual Tw increased significantly at all tributary river mouth stations (except the Aragón Caparroso station), ranging from 
0.03 ◦C/year in the Arga and Segre Rivers to 0.05 ◦C/year in the Arba and 0.07 ◦C/year in the Cinca (Table 4). 

A general annual trend in average Qm and Ta was observed in all the stations in the Ebro River that could be responsible for the 
observed trend in Tw. At the main Ebro River stations with more completed data series (Ebro Lodosa, Zaragoza and Tortosa,) mean 
annual flow presented a significant trend that was estimated from − 2.23 to − 7.45 Mm3 /year (Table 5, Fig. 6). Average annual Tₐ 
trends in Ebro at Logroño, Zaragoza and Tortosa (AEMET, 2022) were significant (P < 0.05) and were quantified in 0.033, 0.050 and 
0.040 ◦C/year respectively (Table 5). The trend in Ta was close to the trend in Tw in Logroño and Zaragoza (0.025 and 0.054ºC/year 
respectively) but was only half of the Tw trend in Tortosa (0.088 ◦C/year) (Table 4). 

3.3.2. Seasonal trends in Tw 
The trends in the headwaters of the Ebro River, from Cereceda to Lodosa, were not homogeneous between months. However, 

monthly trends were homogeneous, with an upward trend at all stations along the Ebro River downstream of Castejón except at the 
Ebro Pina and Flix stations (Table 4). The trends in the headwater stations of the Pyrenean tributaries (Aragón Jaca and Segre Seo 
stations) were homogeneous in all months and no-significantly different from zero, indicating that there was no global upward trend at 
the upper Pyrenees stations (Table 4). At the downstream end of the tributaries, there was a monthly homogeneous upward trend at the 
Arga Peralta, Segre Serós and Arba Tauste stations but not at the Aragón Caparroso and Cinca Fraga stations (Table 4). 

The Tw trends at all Ebro River stations increased from autumn to spring, except for February and March, when some stations had 
lower trends (Table 4) and had significant upward trends from April to July, being significant in May in all of them (Table 4). 

At the stations downstream of the Ebro Ascó station, there were also many months with significant Tw trends from December to 
March and in August-September. Among the tributary mouth stations, only the Arga Peralta, Aragón Caparroso, and Arba Tauste 
stations followed the pattern observed in the Ebro River downstream of Castejón, while the Segre Serós station only had significant 
trends in October and the Cinca Fraga station only in March, April and July to September (Table 4). At the Pyrenean headwater 
stations, there were only two singular months with significant trends: October at the Aragón Jaca station and June at the Segre Seo 
station (Table 4). 

Aggregating the monthly data into seasons, the spring (April to June) average trend was higher than 0.08 ◦C/year for all stations on 
the Ebro River except for those in the lower reach reservoirs (Mequinenza and Flix) (Fig. 7). In all stations except the Ebro Mequinenza 

Fig. 5. Profile of the annual trends in water temperature (ΔTw; ◦C/year) along the Ebro River and main tributaries obtained by the Mann–Kendall 
method (M-K). For the tributaries, the graph shows the annual trend at each station. 
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station and the downstream (Segre Serós and Cinca Fraga stations) and headwater (Segre Seo and Aragón Jaca stations) stations in the 
Cinca-Segre system, at least two months had significant upward trends (P < 0.05) in spring (Table 4). The highest values were at the 
Ebro Sástago station in June with an increase of 0.24 ◦C/year and the Ebro Ascó station with > 0.14 ◦C/year for all spring months 
(Table 4). 

On the other hand, the period with fewer months with significant ΔTw was autumn (October to December) (Table 4). In this season, 
all stations along the Ebro River had nonsignificant trends except Sástago and the last two stations, Xerta and Tortosa, in December 
(Table 4). In contrast, October trends were significant and high (0.09–0.12 ◦C/year) at the two stations on the Aragón River (Caparroso 
and Jaca), the mouth of the Segre River (Segre Serós station) and the Arba Tauste station, where the trend in November was also 
significant (Table 4). 

During summer (July to September), only the stations on the Ebro River downstream of the Mequinenza Reservoir had significant 
trends for more than two months, with a peak at Ascó (in July, ΔTw = 0.17 ◦C/year). With respect to tributaries, the Cinca Fraga station 
was the only station that had significant trends in all summer months, reaching the highest value of the year (0.09–0.13 ◦C/year) 
(Table 4; Fig. 7). 

Finally, in winter, the Tw trend showed similar behavior to the summer season. Only the stations below the Ascó NPP had more than 
two months with significant upward trends, especially the Ebro Ascó station, which had trends in the whole season above 0.14 ◦C/year. 
In winter, the Ebro Sástago station had two months with a significant trend, unlike summer, and among the stations downstream of the 
reservoirs, only Mequinenza had a significant trend in February. Other stations on the Ebro River with significant winter trends were 
those situated downstream of the Garoña NPP (Miranda and Haro), where January Tw increased by ⁓0.07 ◦C/year (Table 4). Among 
the tributary stations, only the Aragón Jaca and Cinca Fraga stations had a significant trend in March (Table 4; Fig. 7). 

The stations located downstream of the NPPs (Ebro Miranda and Ebro Ascó stations) increased their ΔTw in relation to the upstream 
stations (Ebro Cereceda and Ebro Flix stations) in all seasons except for autumn and summer at Miranda (Fig. 7). At Miranda, the ΔTw 
was not significant from July to December, while at Ascó, only the months from October to December had nonsignificant trends 
(Table 4). The highest monthly ΔTw in the basin was found at Ascó, where the ΔTw was higher than 0.11 ◦C/year from January to 
September (Table 4), which entailed an increase in Tw of more than 5 ◦C during the study period (1980–2012). During summer and 
winter, the ΔTw was nonsignificant for most months upstream of the Ascó NPP, but many months had significant and very high trends 
at the stations from Ascó downstream (Fig. 7), which were always lower at Xerta and Tortosa than at Ascó (Table 4). 

Regarding the influence of the large reservoirs in the lower reaches, the Mequinenza and Flix stations did not have monthly ΔTw as 
high as the upstream station (Ebro Sástago station) and the downstream station (Ebro Ascó station) in any season (Fig. 7). The monthly 
Tw trends were significant at Mequinenza only in February and May and at Flix from April to August (Table 4). 

Generally, the monthly trends increased along the Ebro River in winter, spring and summer and were not as clear in autumn 
(Fig. 7). In the four seasons, the pattern of increasing monthly trends down the Ebro River was interrupted abruptly at Mequinenza, 
where the monthly ΔTw was generally lower than that upstream (Sástago); this decrease in the ΔTw along the river at Mequinenza was 

Table 5 
Mean monthly (Q, Mm3/month) and annual flow (Q, Mm3/year) for the main Ebro River gauging stations and their trends (ΔQ, Mm3/year), mean 
monthly water temperature (Tw, ◦C) at the corresponding quality stations, and mean monthly and annual air temperature (Ta, ◦C) at the meteoro
logical stations closer to the Ebro River main stations and their trends (ΔTa, ◦C/year). Series from 1973/74–2011/12. Significant trends are shadowed 
(p<0.05).  
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less pronounced in winter (Fig. 7). 
In spring, summer and winter, the trends in the tributary mouths were lower than the trends at the Ebro River stations upstream of 

their mouths except for the Cinca Fraga station in summer and winter (Fig. 7). In contrast, during autumn, the ΔTw was higher in the 
tributaries than at the stations immediately upstream of their confluence (Fig. 7). The mouth stations of the Aragón-Arga system and 
the Arba River had significant trends mainly in spring and around October, whereas the Cinca-Segre system had a different behavior at 
its mouth, with no significant trends at the Segre Serós station (except for October) and significant trends mainly during summer and 
March-April at the Cinca Fraga station (Table 4; Fig. 7). 

The seasonal Tw trends were similar to those present in Qm and Tₐ in the 3 stations where these parameters were analyzed (Fig. 6, 
Table 5). The stations at the Ebro River (Lodosa, Zaragoza and Tortosa) showed a significant decrease in monthly flows, that were 

Fig. 6. Mean annual Tw (◦C), mean annual Tₐ (◦C) and mean annual flow (Q, m3/s) in three stations at the Ebro River. The mean monthly minimum 
and maximum Tₐ and the maximum and minimum daily flow of the year are also included along with the linear regressions of Tw, Tₐ and flow on 
time. The Tₐ data series correspond to the Spanish Meteorological Agency (AEMET) stations at Logroño, Zaragoza and Tortosa (with the most 
complete Tₐ series close to the corresponding Ebro River stations). 

M.A. Lorenzo-González et al.                                                                                                                                                                                       



Journal of Hydrology: Regional Studies 47 (2023) 101379

16

estimated from 1.9 to 17.8 Mm3 /year from April to July. The only spring month without any significant flow trend was May (Table 5). 
The meteorological stations analyzed (Logroño, Zaragoza and Tortosa) presented the same behaviors for Tₐ, with significant trends 

from 0.06 ◦C/year to 0.10 ◦C/year in all months from April to June. Except for Logroño in June, all these slopes were lower than the Tw 
trends at the closer quality stations (Table 4 and Table 5). October also showed an upward Ta trend in the 3 stations (Table 5), while it 
was a month in which no significant trend was observed in Tw in any station along the Ebro River (Table 4). 

4. Discussion 

All recent studies have noted a clear increase in air temperature in the last century that should affect water temperatures (IPCC, 
2022). In this work, we found that Tw in the Ebro River has increased in most of the study stations over the last 40 years. It is difficult to 
define what part of these Tw changes should be attributed to the evolution of Tₐ and what part should be attributed to other factors, 
such as reservoir construction and management, increases in water consumption, land use changes (such as irrigation development) or 
thermal discharges, among others. Apparently, the behavior of Tw throughout the study period was not the result of any single specific 
environmental or anthropogenic change. It must have been a combination of all of them. 

The Tw at the Ebro River stations with similar kinds of effects showed a common behavior. 
The Mequinenza–Ribarroja–Flix reservoir system caused a decrease in the Tw annual range. At the downstream stations, the spring 

and summer Tw values decreased, while the autumn and winter Tw values increased. Dolz et al. (1996) also found differences of more 
than 5 ◦C in the mean Tw between the upstream reach of the Mequinenza Reservoir and downstream of the Flix Dam using continuous 
Tw measurements from June to July 1990. This lower-temperature water discharge from the Mequinenza Reservoir increased its 
temperature at a rate of 0.2 ◦C/km downstream (in the higher insolation hours) until the river regained its natural Tw. 

Prats et al. (2010) measured Tw at 9 control stations along the lower reaches of the Ebro River (from the Mequinenza Reservoir to 
Xerta) and the Segre-Cinca River mouths from 1997 to 2003 (at 10-minute intervals). They found that the annual Tw range changed 
along this reach; the range was 3 ◦C smaller downstream of the reservoirs, with the temperature cycle lagging 20 days in relation to the 
upstream stations. They showed how Tw decreased in spring-summer with a maximum decrease of 3.5–4.0 ◦C in June-July and 

Fig. 7. Longitudinal profile of the mean seasonal ΔTw (◦C/year) along the Ebro River and main tributaries. The results obtained by the seasonal 
Mann Kendall test. The colors correspond to the number of months with a significant trend (P<0.05) in the season (from 0 to 3). The tributary 
stations are represented by the distance to the Ebro River origin of their discharge point. The numbers correspond to the tributary station codes (4 
Arga Peralta; 5 Aragón Caparroso; 17 Cinca Fraga; 18 Aragón Jaca; 23 Segre Seo; 25 Segre Serós; and 60 Arba Tauste). 
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increased in autumn-winter with a peak increase of 3.0–3.5 ◦C in November in relation to the nonaffected upper reaches. These authors 
also noted that the Cinca-Segre immediately upstream of the Ribarroja Reservoir contributed to the reservoir Tw stratification in spring 
and summer months and raised the Tw in the reservoir outflow. This could in turn have reduced the cooling ability of these waters upon 
the Ascó NPP effluents during summer. 

In this study, similar results to those of Prats et al. (2010) were found at stations below reservoirs: the annual range at Flix 
(downstream of the reservoirs) was 3.2 ◦C lower than that at Sástago (upstream of the Mequinenza Reservoir). The summer mean Tw at 
the Flix station was 3.3 ◦C lower than that at Sástago, with maximum differences found in July (3.8 ◦C); and the autumn mean Tw at 
Flix was 2.5 ◦C higher, with maximum differences occurring in November (3.1 ◦C). Finally, this study showed that the maximum and 
minimum Tw at the downstream stations occurred one month later compared to the upstream stations. 

It must be considered that the difference in Tw between the Sástago and Flix stations was not a consequence of the Mequinenza 
Reservoir regulation alone. The high flow discharge from the Cinca-Segre River (with lower mean Tw than the Ebro Mequinenza 
station) immediately upstream of the Ribarroja Reservoir also affected the Tw of the Ribarroja output. This difference was also higher 
because the Sástago station had a particularly high Tw range compared to other stations in the Ebro Depression. If the annual range at 
Flix is compared to the range at the Ebro River stations from Pignatelli to Pina (all of them located in the Ebro Depression, upstream of 
Sástago), the difference decreased to only 1.5 ◦C. 

The reservoir system led to a decrease in Tw trends at downstream stations. Thus, the lowest annual trends were observed at the 
Ebro Flix (ΔTw = 0.041 ◦C/year) and Mequinenza stations (ΔTw = 0.036 ◦C/year). 

Nuclear power plant discharges produced a significant increase in Tw. The highest increases were found during the summer months 
in the case of the Ascó NPP (2.7 ◦C), matching the lowest flow period. In the case of the Garoña NPP, the Tw increase was more 
homogeneous throughout the year, with higher values from August to December (>3 ◦C). 

The different effects of the two NPPs on the Ebro River Tw patterns could be explained by the differences in streamflow and the 
effect of the Sobrón Reservoir. Streamflow was 6 times higher at the Ebro Ascó station than at the Ebro Miranda station. 

Around the Ascó NPP, the highest flows in winter and spring (December to May) matched the lowest differences in Tw between the 
Flix and Ascó stations (Fig. 3d). In these months, the heat discharge from the Ascó NPP was absorbed by the Ebro River more easily, and 
thus, the difference in Tw between the two stations remained relatively low. The lower flow during the summer months in the Ebro 
River diminished the ability of the river to absorb the thermal discharges from the Ascó NPP, leading to higher differences during 
summer between the Flix and Ascó stations (Table 2; Fig. 3d). 

The effects of the Ascó NPP on the Ebro River Tw was studied by Prats et al. (2010). These authors concluded that the discharges 
from this NPP increased the annual Tw by approximately 3 ◦C (1998–2003). The variability along the year depended on the Ebro River 
discharge (Tw increase was more noticeable in low flow periods) and additionally on the Ascó NPP management. 

The mean Tw difference between the Ebro Flix and Ebro Ascó stations was 2.0 ◦C, with a higher difference from June to September 
(2.4–2.8 ◦C), coinciding with low Ebro River flows. The lower differences obtained in this work coincided with a longer Tw series 
(1975–2008) than in Prats et al. (2010), which took into account some cold Tw years before Ascó NPP activity. 

Alberto and Arrúe (1986) estimated an increase in the Ebro River Tw of 3 ◦C associated with the Garoña NPP effluent (calculated 
from the NPP input and Ebro River flow). They observed that the flow-weighted mean Tw increased at Miranda from 9.3 ◦C before the 
start of the Garoña NPP (1960–1971) to 12.3 ◦C thereafter (1972–1982). They concluded that Tw in the river downstream of the 
Garoña NPP decreased by thermal dissipation (to water and air) and due to the thermal storage in the Sobrón Reservoir. 

In this study, the difference in annual mean Tw between Cereceda and Miranda was 2.8 ◦C, half a degree higher than the difference 
observed by Alberto and Arrúe (1986) at the same stations (2.3 ◦C) from 1972 to 1982. This difference can be attributed to the Tw 
trends observed; the annual trend at Cereceda was lower than that at Miranda, thus increasing the difference in Tw between the two 
stations with time. Except for Garoña NPP effluents, there is no other plausible origin for the Ebro Miranda station high Tw (there are no 
high flowing tributaries, groundwater or urban main discharges, or large reservoirs). The water storage in the Sobrón Reservoir did not 
seem to be enough to absorb the Garoña heat effluent and to bring the Ebro River back to its natural Tw. 

The highest annual Tw trend was observed at the Ebro Ascó station (ΔTw = 0.12 ◦C/year). This high value can only be explained by 
the NPP activity since 1985. However, it is important to mention that the temperature series at the Ebro Ascó station started in 1980, 
thus including 5 years with no discharges from the Ascó NPP. These first 5 years with lower Tw values may have led to the calculation of 
higher Tw trends. Excluding the first 5 years from the analysis, the annual trend was 0.08 ◦C/year and remained within the same range 
as the other lower Ebro River stations from Sástago to Tortosa except for the reservoir stations (Table 4). 

Irrigation return flows produced an increase in Tw, but this behavior was not clear at all stations affected by the return flows from 
irrigated areas. The mean annual Tw and annual range at the Arba Tauste station were lower than those at other stations with similar 
climatic characteristics. 

The Arba River Basin is located in a semiarid area in the middle Ebro Depression, and its headwaters do not originate from the 
Pyrenees but from the lower Pre-Pyrenean Range (Fig. 1). The Arba River is also the main collector of the irrigation return flows of the 
Bardenas Irrigation Scheme, which moved the maximum flow to the spring and summer period during the irrigation season (Fig. 3f). 
Additionally, the irrigation water for the Arba River Basin is diverted from the Aragón River at the Yesa Reservoir in the Aragón River 
headwaters (Fig. 1). This cold water was applied to the fields during the summer months, contributing to reducing the summer Tw and 
consequently to lessening the annual range (Fig. 3f). 

Alberto and Arrúe (1986) found that the Arba Tauste station had higher thermal storage by unit mass than other stations in the 
surrounding area. They attributed this feature to the high flow during the irrigation season and not to warmer irrigation return flows. 
They attributed the different Tw between the Arba Tauste station and other stations to the supply of cool irrigation water and to the 
effects of evaporation and the cooling of the soils by irrigation water. It must be considered that most of the Arba irrigated land is flood 
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irrigated (78%) with low irrigation efficiency (62%) (Lorenzo-González, 2022). 
Arga Peralta station had higher Tw in autumn and winter and lower Tw in summer than Aragón Caparroso station (Fig. 3g). In 

contrast with other tributaries, there is not much agricultural area in the Arga River Basin (5500 ha in 1999 (2%) and 10,700 ha in 
2009 (4%); INE, 2009). In addition, there are no major reservoirs along the Arga River (only the minor Alloz (65 Mm3) and Eugui (22 
Mm3) reservoirs in the headwaters), and the main populated areas (Pamplona) are located 90 km upstream of the Arga Peralta station. 
These natural features and the smaller anthropogenic effects in the Arga basin as compared with other tributary basins (Aragón, Cinca 
and Segre) may lead to lower temperature range and amplitude at its mouth. 

The different ΔTw values at the tributary mouth stations suggest a link between the Tw trend and irrigation development. Irrigated 
surfaces account for 16% and 28% of the total basin surface in the Cinca and Arba Rivers, respectively, with higher Tw increases, while 
irrigated land is 7% in the Aragón-Arga Basin and 10% in the Segre River Basin (irrigated land area elaborated with data from CHE, 
2022) with lower Tw increases (Table 4). 

The discharges of the main tributaries affected Tw in the Ebro River. The Aragón River inputs decreased the mean annual Tw and the 
annual temperature range in the Ebro River. However, this behavior changed between seasons and depended on the difference in Tw 
between the Ebro and Aragón Rivers and the flow ratios: Tw in the Ebro River decreased from summer to winter and increased in 
spring. Alberto and Arrúe (1986) found that the Aragón Jaca station and Yesa Reservoir had not attained a Tₐ–Tw equilibrium due to 
the high difference between Tₐ and Tw and to the high flow speed of this mountain river. These authors concluded that the storage time 
in the Yesa Reservoir was not enough to reach equilibrium in temperature and that the Aragón River probably would not reach this 
equilibrium all the way down to the mouth except in spring when the Tw in the Aragón River is similar or even higher than that at the 
Ebro Lodosa station. Furthermore, the Ebro River at the Aragón River discharge point had an abnormally high temperature produced 
by the Garoña NPP thermal effluent (as mentioned above) and did not reach Tₐ–Tw equilibrium for more than 150 km downstream 
from the Garoña NPP (Alberto and Arrúe, 1986). 

The headwater stations (Aragón Jaca and Segre Seo), basically controlled by natural climate variability, exhibited a particular Tw 
behavior linked to snowmelt. For these stations, the increase in Tw during spring months (from April to June) was lower than that at the 
stations at the river mouths, which matched the higher thawing flows. Arrúe and Alberto (1986) found a relationship between flow and 
Tw that was unrelated to Tₐ on the Ebro River at Escatrón (close to the Sástago station). They attributed this relationship to episodes of 
river floods produced by snowmelt. Alberto and Arrúe (1986) found that the annual Tw in the Pyrenean headwaters was lower than Tₐ, 
with a difference of more than 1.5 ◦C at the Aragón Jaca station and in the Yesa Reservoir. This difference could also be observed at 
lower altitude stations as a result of the water origin and the high flow velocity in these kinds of rivers. 

The best stations to analyze Tw effects by water diversion are located in the Ebro River lower reach at Xerta and Tortosa (14 km 
downstream). The Xerta Weir diverts more than 1200 Mm3 /year at a high flow rate (>40 m3/s) during the irrigation season (April to 
October). During summer, the Ebro River flow upstream of the Xerta Weir is approximately 200 m3 /s, and it is in this period when 
abstraction effects should be more noticeable downstream of the weir, with a closer Tw–Tₐ relationship and an increase in Tw and Tₐ 
that should result in a higher annual range. Downstream of the Xerta Weir, the river would have less thermal capacity, lower flow 
velocity and higher residence time that would make the river more sensitive to summer high Tₐ. Nevertheless, the difference between 
stations was not particularly high, and missing data at the Ebro Xerta station in some years did not allow for a comparison between 
both stations. 

In general, annual Tw trends increased from the upper reaches to the river mouths in the Ebro River and its tributaries, although 
some of these trends were nonsignificant (average of the mean annual significant trends was ~ 0.05 ◦C/year). There was also a clear 
seasonal behavior in the trends: the spring months had the highest significant trend (mean monthly ΔTw ~ 0.10 ◦C/year) at most 
stations. 

Bouza-Deaño et al. (2008) studied the trends (estimated by the seasonal Kendall slope estimator) of 34 chemical and physical 
parameters at 13 Ebro River stations from a shorter data series (1981–2004). They found a significant Tw increase at most stations with 
a mean trend of 0.08 ◦C/year. These authors found the highest ΔTw at the Ebro Zaragoza station (0.18 ◦C/year, threefold the value 
found in this study: 0.05 ◦C/year), followed by Sástago (0.16 ◦C/year). These authors also found a clearly lower trend at the reservoir 
stations (0.03 ◦C/year) and higher increases downstream of the Ascó NPP (0.08 ◦C/year versus 0.12 ◦C/year in this work). These 
differences may be attributed to the different periods of the data series. 

Alberto and Arrúe (1986) found for the lower Ebro River at Escatrón (close to Sástago) an increase of 0.08 ◦C/year for the annual 
flow weighed average Tw (1955–1978), and Prats et al. (2007), with a more complete data series (1955–2000), obtained an increase of 
0.05 ◦C/year at the same station. It is difficult to compare this information with that obtained in this work at the Ebro Sástago station 
(0.08 ◦C/year) because of the different data periods. Nevertheless, the trends were significant in the three studies, indicating a 
persistent temperature increase since the 1950′s. 

The general behavior in Tw could be related to the apparent flow trends in the Ebro River Basin: the highly regulated rivers had a 
decreasing trend in flow during spring and the increase in Tw was highest in spring. The progressive increase in the regulated flow in 
the Ebro River Basin during these years resulted in higher volumes of stored water in spring, decreasing the river flow. Lorenzo-Lacruz 
et al. (2012) found a decrease in discharge in more than 90% of the gauging stations in the Ebro River Basin following the increase in 
water consumption by agriculture and urban and industrial uses and the extension of natural vegetation in the basin headwaters at the 
expense of traditional agriculture (López-Moreno et al., 2011). Also, Álvarez-Cabria et al. (2016) applied a forest model to study the 
spatial and seasonal variability of water quality in the Ebro River Basin and found that an increase in forest cover reduced the mean 
annual Tw. The result has been an increase in Tw as more heat (resulting from rising Tₐ) must be absorbed by less water (resulting from 
lower flows). Lower flows also increase water travel times, which induces lower thermal inertia (Prats et al., 2010). 

In this work, all stations along the Ebro River and especially the Ebro in Tortosa, showed a decreasing flow. The decrease in flows 
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matched the increase in Tw observed in the 1970′s to the 1990′s, pointing to a possible contribution of the flow decrease upon the Tw 
trends. 

Additionally, global warming has induced a progressive decrease in snow storage in the Ebro River Basin in the last 50 years 
(MAGRAMA, 2008; López-Moreno and García-Ruiz, 2004). 

In mountainous areas of the Ebro River Basin, the increase in Tₐ has led to a higher ratio of rainfall to snowfall, thus accelerating 
snowmelt (López-Moreno et al., 2011). The displacement of the peak melting flow to the early spring (IPCC, 2022; López-Moreno et al., 
2011) and the progressive decrease in snow storage (MAGRAMA, 2008; López-Moreno and García-Ruiz, 2004) due to global warming 
also introduced less cold water during spring months. This effect is felt in the upper and middle Ebro River reaches, where the 
minimum Tw are found during the high flows originating from snowmelt (Arrúe and Alberto, 1986). Accordingly, the highest and most 
significant trends in Tw were found in the spring months. 

5. Future tasks 

The prognosis for the first half of the century in the Ebro River Basin is not promising. Air temperature is expected to increase by a 
mean of 1.5–1.6 ◦C with a maximum value in summer of 2.8 ◦C (MAGRAMA, 2010); and precipitation, although there has been no 
clear trend in recent decades (De Castro et al., 2005; López-Moreno et al., 2011; García Vera et al., 2002), is supposed to decrease 
between 3% and 4% (MAGRAMA, 2010). In this context, the Ebro River semiarid reaches with low flow velocity, less area protected by 
riparian vegetation and a large, exposed surface would experience the highest Tw increases due to climate change. 

The analysis of river flows is also important. Many of the natural and anthropogenic factors affecting Tw in the Ebro River 
(including climate change) may also be altered by the reduction in river discharge. There is an apparent relationship between the 
evolution of Tw in the Ebro River and its tributaries (rising trend) and the evolution of their flows (decreasing trend). Future studies 
may focus on elucidating how the changes in river flows interfere with the Tw–Tₐ relationship, how they affect the heat transport 
capacity of rivers, and how these changes may aggravate some Tw effects, such as urban or industrial thermal discharges. Furthermore, 
clear links were found between Tw and Tₐ at all stations, but the strength of this link is different at different stations, reaches of rivers, 
and regions in the basin (stations downstream of major dams, Pyrenean headwaters, etc.) Additional research should be conducted to 
establish the nature and causes of these differences. 

There are other factors affecting the Ebro River Tw, such as the groundwater supply and its thermal characteristics. The right bank 
tributaries exert important Tw control due to this effect in the Ebro River Basin (Alberto and Arrúe, 1986). However, given that these 
rivers do not contribute high discharges to the Ebro River, they were not included in this study. These groundwater controls could be 
included at a further stage in the analysis of the Ebro River water temperature regime. 

Further consideration may be given to the selection of the sampling hour and day within the month to obtain adequate readings 
close to the average Tw of the month. The continuous (15-minute interval) data of the SAICA network of the CHE (CHE, 2021b) provide 
substantial information at some stations to help in the selection of the right sampling time for Tw (Isidoro et al., 2013). 

6. Conclusions 

Along the Ebro River, the Tw regime is markedly influenced by the effluents of the Garoña and Ascó NPPs and the tampering effect 
of the Mequinenza–Ribarroja–Flix reservoir system. The larger tributaries on the left bank (Aragón-Arga and Cinca-Segre Rivers) also 
exert a noticeable influence. Compared to these factors, the influence of irrigation return flows and irrigation development on water 
temperature was low. The flow regime and climate change are also factors that have a clear influence on Tw, especially during spring. 

The influence of Tₐ on Tw was more pronounced at the stations along the Ebro River Depression (Pignatelli to Sástago) and at the 
mouth of the main tributaries (Aragón, Arga, Arba, Segre and Cinca Rivers). This influence was lower at the stations affected by NPP 
effluents or downstream of the main reservoirs and in the Pyrenean headwaters (Aragón Jaca and Segre Seo stations). Water tem
perature was therefore better related to Tₐ in the lower reaches of rivers under natural conditions, where low summer flows coincided 
with the highest Tₐ, indicating that this relationship might be linked to the relationship between Tw and Qₘ. 

River flow showed a weaker relationship with Tw, but the pattern of the link between Tw and Qₘ throughout the stations was similar 
to that of Tₐ–Tw. Lower Tw was linked to higher Qₘ at all stations except the Arba Tauste station, the station in which summer flows 
were essentially dominated by irrigation return flows. 

There was an average annual upward trend in Tw. Only the stations in the Pyrenean headwaters (Aragón Jaca and Segre Seo 
stations) and the Aragón Caparroso station did not show significant annual trends. The magnitude of this trend increased downstream 
along the Ebro River, with peak values at the NPP-affected stations and lower values at reservoir-affected stations. 

Climate change and flow trends are also factors that must be considered in studying the seasonal behavior and trends of Tw. The 
decrease in spring flows due to increased river regulation has reduced the cooling effect of spring snowmelt, whereas global warming 
has accelerated the thawing process. These factors explained the seasonal Tw trend patterns: the monthly trends were highest and most 
significant during spring at all stations along the Ebro River. On the other hand, low and nonsignificant seasonal Tw trends were found 
in autumn except for the significant slopes found in the tributaries in October. 
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Arrúe, J.L. and Alberto, F., 1986. El régimen térmico de las aguas superficiales de la Cuenca del Ebro. Anales de Aula Dei 18 (1–2), 31–50. Accessible at: 〈http://hdl. 
handle.net/10261/13545〉 (last access: 14/12/2022). 
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MAGRAMA, 2010. Estudio de los impactos del cambio climático en los recursos hídricos y las masas de agua. Ministerio de Medio Ambiente y Medio Rural y Marino 

(MAGRAMA) and Centro de Estudios de Experimentación de Obras Públicas (CEDEX). Accessible at: 〈https://www.miteco.gob.es/en/agua/temas/planificacion- 
hidrologica/planificacion-hidrologica/EGest_CC_RH.aspx〉 (last access: 02/11/2022). 

MAGRAMA, 2021. Anuario de Aforos, Ministerio de Medio Ambiente y Medio Rural y Marino (MAGRAMA). Accessible at: 〈https://sig.mapama.gob.es/redes- 
seguimiento/〉 (last access: 02/11/2022). 

Mann, H.B., 1945. Non-Parametric tests against trend. Econometrica 13 (No. 3), 245–259. https://doi.org/10.2307/1907187. 
Masachs, V., 1948. El Régimen de los ríos Peninsulares. Consejo Superior de Investigaciones Científicas: Instituto Lucas Mallada de Investigaciones Geológicas, 

Barcelona. 
MOPU, 1990. Análisis de Calidad de Aguas, Red Oficial del Ministerio de Obras Públicas y Urbanismo, Dirección General de Obras Hidráulicas, años del 1973/74 al 
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