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ABSTRACT

A methodological approach to the reconstruction of the 1949-2000 water temperature series in the Ebro River at
Escatrén

Water temperature is one of the main variables influencing freshwater organisms. In recent years, increasing water temperature
trends have been observed in freshwater ecosystems worldwide. To assess the importance of such increases, they need to be
put into context by studying long-term water temperature variability. However, it is often difficult to obtain a sufficiently long
data series. This problem may be overcome by using data collected by different entities in different periods of time. However,
this can lead to data comparability problems. In this paper, we present the process of reconstructing the annual mean water
temperature series for the Ebro River at Escatrén using data measured by the Escatron power station, the Ebro Hydrographic
Confederation and the Flumen research group. The data sources used different measurement methodologies and frequencies.
Therefore, particular attention was paid to analysing the bias of the annual mean water temperature estimations calculated
from the available historical data. A resampling methodology applied to 10-minute water temperature data was performed
to assess the quality of the different estimators used to calculate the annual mean water temperature. Only one of the three
estimators used could be considered to be unbiased. Another estimator could be corrected by estimating its bias. As a result,
it was possible to reconstruct a water temperature series from 1949 to 2000, with a gap in the period 1978-1995. The series
shows that there was an increase of 2.3°C in the period 1955-2000.

Key words: Bias, Ebro River, historical data, long-term trend, resampling, unbiased estimator, water temperature, water
temperature increase.

RESUMEN

Una aproximacion metodologica a la reconstruccion de la serie de temperatura del agua del 1949 al 2000 en el rio Ebro
en Escatron

La temperatura del agua es una de las principales variables que influyen sobre los organismos de agua dulce. En los tltimos
arios, se han observado tendencias al aumento de la temperatura en ecosistemas de agua dulce en diferentes partes del mundo.
Para determinar la importancia de este aumento es necesario ponerlo en contexto estudiando la variabilidad a largo plazo
de la temperatura del agua. No obstante, a menudo es dificil obtener series de datos suficientemente largas. Este problema
puede ser solucionado recurriendo a series de datos recogidos por diferentes entidades en diferentes periodos de tiempo.
Aparece entonces el problema de la comparabilidad de los datos. En este articulo, se presenta el proceso de reconstruccion
de la serie de la temperatura media anual del agua en el rio Ebro en Escatron usando datos medidos por la central térmica de
Escatron, la Confederacion Hidrogrdfica del Ebro 'y por el grupo de investigacion Flumen. A causa de los diferentes métodos
de medida y frecuencia de los muestreos de cada una de las series de datos usadas, se dio especial atencion al andlisis
del sesgo de las estimaciones de la temperatura media anual calculadas a partir de los datos historicos disponibles. Una
metodologia de remuestreo aplicada a datos de temperatura del agua 10-minutales fue usada para establecer la calidad de
los diferentes estimadores usados para obtener la temperatura media anual del agua. De los tres estimadores usados sélo
uno pudo ser considerado insesgado. De los otros dos, otro pudo ser corregido mediante la estimacion del valor de su sesgo.
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Como resultado, fue posible reconstruir una serie de temperaturas desde 1949 hasta 2000, con un vacio de datos en el periodo
1978-1995. La serie muestra un incremento de la temperatura media anual del agua de 2.3°C en el periodo 1955-2000.

Palabras clave: Aumento de la temperatura del agua, datos histéricos, estimador insesgado, remuestreo, rio Ebro, sesgo,

tendencia a largo plazo, temperatura del agua.

INTRODUCTION

Long-term water temperature increases related
to climate warming and human alterations have
been observed in freshwater ecosystems (Webb
& Nobilis, 1994; Livingstone, 2003). Freshwa-
ter organisms are mostly ectotherms and are the-
refore greatly influenced by water temperature.
Some reviews of the general ecological conse-
quences of a temperature increase can be found in
McCarty (2001) and Walther et al. (2002). Other
authors specifically review the expected effects
of climate warming on freshwater ecosystems
(Schindler, 1997, Alvarez Cobelas et al., 2005).

According to McCarty (2001) and Walther et
al. (2002), biological changes due to warming can
occur on four organization levels: (1) physiology
and phenology, (2) distribution areas, (3) the com-
position of communities and interactions between
their elements, and (4) ecosystem functioning.
At the physiological level, some of the expected
consequences of an increase in water temperature
are life-cycle changes (Hellawell, 1986; Winfield &
Nelson, 1991), accelerated growth (Negus, 1966;
Wieser et al., 1988; Hogg & Williams, 1996),
and shorter development times (Rempel & Carter,
1987, Pritchard et al., 1996). Shifts in the distri-
bution of species are expected, which will favour
the arrival of allochthonous species (Schindler,
1997; Walther et al., 2002) and the expansion
of epidemic diseases (Harvell et al., 2002). At
the community level, changes in composition
can be expected (McCarty, 2001; Walther et al.,
2002). Other effects, such as altered sex ratios,
may also appear (Hogg & Williams, 1996). In
addition, variations in water temperature may alter
the competitive interactions between freshwater
species (Beauchamp & Ullyott, 1932; Reeves et al.,
1987; Taniguchi et al., 1998). In lenitic ecosystems,

climate warming can cause an increase in thermal
stability and a lengthening of the stratification
period (Schindler, 1997; Livingstone, 2003).

In the case of Spain, a better knowledge of
the scales of variability and the trends of natu-
ral processes (e.g. water temperature behaviour)
is needed in order to assess the impact of chan-
ges in their natural behaviour (Alvarez Cobelas
et al., 2005). Air temperature has been measured
for more than a century at numerous locations,
but water temperature has not received so much
attention. This makes it difficult to fill the gap
in knowledge about freshwater temperatures. Ex-
cept in some cases (e.g. Webb & Nobilis, 1994,
1997), long water temperature series are not
available. The Ebro Hydrographic Confederation
(CHE) started measuring water temperature in
the 1970s. Water quality measurements were also
made by industries or power plants at earlier
dates. However, their data have rarely been sa-
ved for several reasons. Data legal conservation
requirements may have expired; the data could
have been recorded in electronic devices that are
now out of date; or the paper files may have
been lost or deteriorated. Although it is someti-
mes possible to obtain data from different sour-
ces so that a series or parts of it can be recons-
tructed, the measuring methodologies used by
these sources may be different. This means that
the comparability of the data must be assessed.
In addition, the measurement methodology used
may lead to a bias in the estimation of the an-
nual mean water temperatures (Arrie & Alberto,
1986; McAdam, 2000; Preece & Jones, 2002).

In order to improve knowledge about the
long-term water temperature behaviour in the
middle Ebro River, the water temperature series
at Escatrén was reconstructed. Data from diffe-
rent sources (the Escatrén thermal power station,
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the Ebro Hydrographic Confederation and our re-
search group), obtained using different metho-
dologies (i.e. measurements of the daily maxi-
mum and minimum water temperature, the wa-
ter temperature being taken at a given time of
the day, the water temperature being taken at
a variable time) and periodicities (i.e. monthly,
daily, every 10 minutes) were used to reconstruct
a 52-year long annual mean water temperature
series. The accuracy of the annual mean water
temperature estimations obtained from the histo-
rical data was assessed by means of a resampling
methodology and by 10-minute water tempera-
ture measurements taken by the Flumen research
group in the middle and lower Ebro River. This
paper updates the studies undertaken by Arrte
& Alberto (1986) and Alberto & Arrde (1986)
on the middle Ebro River.

STUDY AREA

The Ebro River basin has an area of about
85000 km? and covers a major part of the north-
east of the Iberian Peninsula. The Ebro River had
an annual discharge of 17000 hm® in a natural
regime in the period 1940/41-1995/96 (MIMAM,
2000). The monthly distribution of the discharge
depends mainly on rain and snow-melt. Its major
tributaries are the rivers Segre, Cinca, Aragdn,
Arga and Gallego. In the Ebro River basin there
are more than 107 reservoirs of more than 1 hm?
and about 800 000 ha of irrigated land.

The historical water temperature series was
reconstructed at Escatrén (Fig. 1), which is lo-
cated in the Ebro River depression in the
middle course of the river, some kilometres ups-
tream from the Mequinenza reservoir tailwa-
ters. The mean annual discharge in the period
1945/46-1995/96 in Sastago, which is located
17 km upstream from Escatrén, was 250 m?/s
(www.chebro.es). A coal-fired power station is
located on the outskirts of Escatrén. It uses wa-
ter from the Ebro River for cooling and has
been measuring water temperature since the
1950s upstream from the cooling water efluent.
Part of the data used in this study was kindly
provided by this power station.
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Figure 1. Location of the Flumen and CHE measuring
stations mentioned in the text. Localizacion de las estaciones
de la red de medida del grupo de investigacion Flumen y de la
CHE citadas en el texto.

Climatic and hydrological trends in the area

An increasing trend in air temperature of about
0.03-0.07°C/year over the last three decades of
the twentieth century has been demonstrated in
the Ebro basin and in the Iberian Peninsula
in general (Segui, 2003; Martin Vide, 2005;
Moreno, 2005). In addition, the mean river
discharge has been shown to have decreased
by 5760 hm? in the period 1940-1997 (Gallart
& Llorens, 2001). The causes for this decrease
include the construction of reservoirs all over the
Ebro River basin (Ibafiez et al., 1999; Batalla
et al., 2004); the increase in water consumption
and in the irrigated land surface (Ibadfez et
al., 1999; MIMAM, 2000); and a transient
reduction of rainfall in the same period. A 4 %
decrease in precipitation in the Ebro River basin
was observed in the period 1947-1999 (Ayala-
Carcedo, 2001). However, no significative trend
can be detected in the long-term (Garcia Vera et
al., 2001; Moreno, 2005). Other authors indicate
that afforestation could also be partly responsible
for the decrease in discharge (Gallart & Llorens,
2001). According to these authors, the losses in
mean annual discharge observed in the period
1940-97 were distributed as follows: 1410 hm?
due to consumption, 2140 hm? due to reduced
precipitation and 2220 hm? to afforestation.
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INSTRUMENTS AND DATA USED

A system of water temperature measurement
stations was installed in the lower part of the
Ebro River and near the confluence of this river
with the rivers Segre and Cinca (Fig. 1). Camp-
bell Pt100 platinum resistance sensors (precision
0.1°C) were used to measure the water tempe-
rature. Measurements were made every minute
and the average was recorded every ten minu-
tes by a Datalogger Campbell CR10X. Tempe-
rature sensors were duplicated or triplicated at
every station to ensure the accuracy of the mea-
sured data and to prevent gaps in case of sensor
malfunction. The sensors were installed inside
PVC tubes to protect them from trunks, branches
and other drifting objects. The tubes were perfo-
rated to allow the water to circulate freely. Part
of the measured data used herein was previously
published by one of the authors (Val, 2003).

The water temperature measurements taken
at Escatron were used in the reconstruction of
the long-term annual mean water temperature
series. They were also used in the process of
validating the estimations of annual mean water
temperature from the historical data. This process
involved a resampling procedure (see below).
Water temperature measurements (Fig. 2) taken
at Aitona, Asco, Flix, Fraga and Miravet (Fig. 1)
were also used in the validation process.

Historical data

The historical data used in this study were
provided by the Escatrén coal-fired power sta-
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Figure 2. Average daily cycle in water temperature at Flumen
stations in 1999. Ciclo diario medio de la temperatura del agua
en estaciones Flumen en 1999.

tion and the Ebro Hydrographic Confederation
(Table 1). The Escatrén power station provided
two series of data. The first one, henceforth
called EscatrénTEl, consisted of daily maximum
and minimum water temperature measurements
taken upstream from the thermal effluent of
the power station in the years 1949-1977. This
series has already been published by Arrde
& Alberto (1986). The second series of data,
called EscatronTE2, consisted of daily water
temperature measurements taken at 9 am. in
the period 1996-2000. These measurements were
taken at the power station’s water uptake point.
Water temperature data at Escatrén for the period

Table 1. Historical water temperature data used, measurement period, type of measurement and estimator of the mean annual water
temperature. Datos de temperatura historicos utilizados, periodo de medida, tipo de medida, y estimador de la temperatura media

anual.

Data series Data source

Period of time

Annual mean water

Type of measurement .
temperature estimator

a month, at a varying
time of the day

EscatrénTE1 Power station of 1949-1977 Daily maximum and T,
Escatrén (Arrie & minimum water
Alberto, 1986) temperature

EscatronTE2 Power station of 1996-2000 Daily water temperature T,
Escatrén at9 a.m.

SastagoCHE CHE (Sastago) 1975-2003 Water temperature once Ty
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Figure 3. Frequency distribution of the day of the month
on which CHE’s water temperature measurements were made.
Distribucion de frecuencia del dia del mes en que se tomaron
las medidas de temperatura del agua de la CHE.

1978-1995 could not be found. To fill this gap,
we used water temperature measurements taken at

Sastago by the Ebro Hydrographic Confederation
(CHE). Sastago is located 17km upstream from
Escatrén (Fig. 1). Water temperature was measured
at this site once a month, on a variable day of the
month and at a varying time of day. This series of
data will henceforth be called SdstagoCHE.

The frequency distributions of the day of
the month (Fig. 3) and the time of day (Fig. 4)
at which the measurements were made at the
CHE measuring stations of Ascd, Flix, Riba-
roja, Sastago, Tortosa and Xerta were used in
the process of validating the estimations of the
mean annual water temperature made using the
CHE data. In some cases (Sastago, Tortosa and
Xerta), two periods can be seen in the CHE
water temperature series in terms of the time
of measurement (Fig.4). Water temperatures
were measured mostly in the morning in 1992-
2004 at Tortosa (SDTortosa2), in 1993-2003
at Xerta (SDXerta2) and in 1974-1995 at
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Figure 4. Frequency distribution of the time of day at which the CHE’s water temperature measurements were made. Distribucion
de frecuencia de la hora del dia en que se tomaron las medidas de temperatura del agua de la CHE.
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Séstago (SDSéstagol), while temperatures were
measured mostly in the afternoon the rest of the
time (SDSastago2, SDTortosal, SDXertal).

DATA ANALYSIS

Annual mean water temperature estimators

The process of measuring water temperature at
one or different times of year and making cal-
culations with these measurements to estimate
the annual mean water temperature can be con-
sidered an estimator of the mean annual wa-
ter temperature. Different measuring methodo-
logies and periodicities were used in the avai-
lable data series. Therefore, this study includes
three different estimators of the annual mean
water temperature (Table 1).

Estimator T,

This estimator is applied when daily measure-
ments of maximum and minimum water tempera-
ture are available for a number of years, as in the
EscatronTE] data series. Firstly, the mean daily
water temperature (7;) is estimated from the daily
maximum and minimum water temperatures:

Ti,max + Ti,min

Ti: 2

6]

where Tjmax and 7, are the maximum and
minimum water temperature on the i-th day of the
year, respectively. Hence, the annual mean water
temperature (7, ) is estimated as the mean of all
the 7; values in a year:

365 365
1 1 Ti max T Ti min
Tpo=—= » Tj= — » —o& M (9
' 365 Z:‘ 365 Z:‘ 2 @

Estimator T,

This estimator can be used when the water tem-
perature is measured every day at a fixed time
of the day, as in the EscatronTE2 data. Firstly,
an estimation of the annual water temperature
is calculated as the mean of the daily measu-
rements of water temperature taken at a given
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Figure 5. The average daily cycle in water temperature at
Escatrén in 1999 and the bias of Ty when H = 9 a.m. Ciclo
diario de la temperatura del agua en Escatron en 1999 y sesgo
de Ty cuando H = 9 a.m.

time H of the day:

365
T = 3¢z Zl Ti(H) = Toean aay(H). (3

However, water temperature varies throughout
the day according to an approximately sinusoidal
cycle (Fig. 2). Therefore, Ty is a poor estimator,
as it is systematically biased. Unless daily
point water temperature measurements are taken
around the time when this almost sinusoidal
curve crosses the mean, a bias § is expected
(Fig. 5). For a given time H of the day, the
bias may be calculated as:

BH) =Ty =Ty “

if we know the actual annual mean water tempera-
ture T,,. Therefore, a more accurate estimator of the
annual mean water temperature can be obtained as:

Ty, = Ty — B(H). &)

Estimator T,

The third estimator used herein is the mean of
twelve water temperature measurements taken
once a month on a variable day of the month and
at varying times of day. This estimator is used for
the CHE’s measurements.
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Statistical analysis of trends

The Mann-Kendall nonparametric statistics have
been widely used in water quality trend studies
(Esterby, 1997). However, when there are gaps
in the data series, the statistical methods used
should take this fact into account. Kendall-
Theil’s robust line estimation method (Helsel and
Hirsch, 1992) accounts for data gaps and was
used to estimate the water temperature trend.
According to this method, the slope of the linear
trend is calculated as the median of all the
possible pairwise slopes between the data points.

RESULTS

Validation of the estimations

Different methods were used to validate the es-
timations of the annual mean water temperature,
depending on the type of data and the estimator
used. Most of the methods were based on imi-
tating the respective measurement process by re-
sampling the Flumen 10-minutes data series. The
details of the process used for each of the estima-
tors are given below.

Table 2. Annual mean water temperature, 7,,, estimations of
the annual mean water temperature made using 7, and the
error of the estimation at selected Flumen stations. Temperatura
media anual del agua, T,, estimaciones de la temperatura
media anual hechas con T,, y error de la estimacion en
estaciones seleccionadas del grupo Flumen.

Station Year T, (°C) Ty, (°C) Error (°C)
Aitona 1999 15.161 15.233 0.072
Asco 1999 15.110 15.138 0.028
2000 15.184 15.225 0.041
2001 15.338 15.378 0.040
2002 15.094 15.140 0.046
2003 15.564 15.602 0.038
Escatrén 1998 15.333 15.356 0.023
1999 15.515 15.542 0.027
Flix 1998 15.218 15.248 0.030
1999 15.150 15.188 0.038
Fraga 1999 15.479 15.496 0.017
Miravet 1999 17.906 17.968 0.062
2000 17.929 17.988 0.059
2001 17.687 17.692 0.005
2002 18.160 18.165 0.005
2003 17.796 17.791 —0.005
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Figure 6. Mean annual water temperature at Escatrén and
Sastago, and the mean annual discharge at Sastago (long-
dashed line, data provided by the CHE). Temperatura media
anual del agua en Escatrén y Sdstago, y caudal medio anual en
Sdstago (datos proporcionados por la CHE).

T, validation

Ten-minute Flumen water temperature measu-
rements were used to assess the accuracy of
T,,,. Annual mean water temperature was esti-
mated by applying 7,,, to Flumen’s data for dif-
ferent measurement stations and years. The re-
sult was compared with the actual annual mean
water temperature 7. The results in Table 2
show that estimations calculated using the es-
timator 7,, are very accurate. All the estima-
ted biases are lower than the sensor accuracy
of 0.1 °C. Therefore, if no other sources of
error are present, we can consider 7, to be a
good estimator of annual mean water tempera-
ture. Thus, the estimator 7, was used to esti-
mate mean annual water temperature from the
EscatronTE]1 data series, which consists of maxi-
mum and minimum daily water temperature mea-
surements taken in the period 1949-1977 (Fig. 6).

T,,, validation

The accuracy of the estimations obtained using
T,,, was assessed in two ways. Firstly, 7x(9:00)
was calculated using EscatronTE2 data for
the years 1998-1999. This value was then
compared to 7,, for the same years to obtain
the bias. Next, 7y(9:00) was calculated again



300

Table 3. Comparison of two methods for calculating the
bias in the estimation of the annual mean water temperature
at Escatrén using 7, (see text for details). Comparacion de
dos métodos de estimacion del sesgo de la estimacion de la
temperatura media anual producida al usar T,, (ver detalles
en el texto).

Data source Year T, T, Bias
EscatronUPC 1998 15.33 | 15.02 | -0.31
1999 1552 | 1522 | -0.30

Mean 1998-99 | 1542 | 15.12 | -0.30

EscatronTE2 1998 1533 | 15.17 | -0.16
1999 1552 | 15.15 | -0.37

Mean 1998-99 | 1542 | 15.16 | —0.26

using EscatronUPC data. The mean bias resulted
in an underestimation of approximately 0.3°C
(Table 3). Nevertheless, a discrepancy appeared
between the bias calculated using EscatronUPC
data and that calculated with EscatronTE2 data.
The bias calculated from EscatronUPC data
changed very little from 1998 to 1999. However,
with EscatronTE2 data the bias was -0.16
in 1998 and —0.37 in 1999. This discrepancy
disappeared when the mean of the two years
was calculated. We had to decide which of
the two estimations of the mean bias to use.
Preference was given to the bias calculated
from EscatronTE2 data, as it would be applied
to this same data series. Therefore, the value
of B(9:00) = -0.26 was substituted in (5) to
obtain a more accurate value of the mean annual
water temperature. The corrected annual mean
water temperatures at Escatron for 1996-2000
can be seen in figures 6 and 7.

Prats et al.
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Figure 7. Corrected (white squares) and uncorrected (black
squares) estimation of the annual mean water temperature at
Escatrén, calculated using EscatronTE2 data and the annual
mean water temperature for 1998-1999 (triangles). Estimacion
corregida (cuadrados blancos) y sin corregir (cuadrados
negros) de la temperatura media anual en Escatron usando los
datos de EscatronTE2 y temperatura media anual de los arios
1998-1999.

T,,, validation

The estimations calculated with 7,,, were va-
lidated by simulating the CHE measuring me-
thodology on 10-minute Flumen water tempe-
rature measurements taken in 1999 from diffe-
rent measuring stations: Aitona, Ascé, Escatron,
Flix, Fraga, and Miravet (Fig. 1). The mean ex-
pected bias and standard deviation of the esti-
mations of the mean annual water temperature
were calculated for different time of measure-
ment patterns: SDAsc6, SDFlix, SDRiba-roja,
SDSastagol, SDSastago2, SDTortosal, SDTor
tosa2, SDXertal, SDXerta2 (Tables 4 and 5). The

Table 4. Mean bias of 7,,, for different Flumen stations and different frequency distributions for the time of measurement. Sesgo
medio de T,,, para diferentes estaciones Flumen y distribuciones de frecuencia de la hora de medida.

ias | Temp. rz
SDTortosal | SDTortosa2 | SDFlix | SDAsc6 | SDRiba-roja | SDXertal | SDXerta2 | SDS4stagol | SDSastago2 Me(a},ncl)"as em(’f, Cr;mge

TAitonal999 0.41 022 0.05| —0.01 ~0.09 0.53 ~0.11 037 0.32 0.06 1.65
TAsc61999 0.20 0.04 011 o011 0.09 0.17 0.07 ~0.06 0.15 0.10 0.72
TEscatrén1999 0.05 ~021 ~0.10 | -0.17 ~0.18 0.11 ~0.16 ~0.26 0.00 ~0.10 0.83
TFlix1999 0.01 2009 | -005| -0.05 ~0.09 0.04 0.36 ~0.13 ~0.02 0.00 0.64
TFragal999 0.27 074 | -035| -048 ~0.58 0.44 ~0.60 ~0.77 0.18 ~0.29 217
TMiravet1999 0.47 ~0.19 005 | 001 ~0.07 0.56 ~0.10 ~0.39 0.41 0.08 1.70
Mej},“c';‘as 0.23 ~0.23 ~0.05| -0.10 ~0.15 0.31 ~0.09 ~0.33 0.17

Median hour 14:00 11:00 12:00 | 12:00 11:00 15:00 12:00 10:00 14:30

of measurement
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Table 5. Standard deviation of 7,,, for different Flumen stations and different frequency distributions for the time of measurement.
Desviacion estdndar de T,,, para diferentes estaciones Flumen y distribuciones de frecuencia de la hora de medida.

SDTortosal | SDTortosa2 | SDFlix | SDAscé | SDRiba-roja | SDXertal | SDXerta2 | SDSastagol | SDSastago2 meSI;VStd' Tem([()’.cr;l nee

TAitonal999 0.37 0.37 039 | 045 0.40 0.37 0.37 0.36 0.39 0.39 1.65
TAsc61999 0.25 0.26 025 | 027 0.24 0.29 0.27 0.26 0.25 0.26 0.72
TEscatrén1999 0.38 0.40 041 | 0.40 0.42 0.43 0.40 0.41 0.38 0.40 0.83
TFlix1999 0.25 0.26 025 | 025 0.26 0.24 0.40 0.24 0.24 0.27 0.64
TFragal999 0.46 0.42 046 | 046 0.46 0.46 0.4 0.47 0.47 0.46 2.17
TMiravet1999 0.31 0.27 030 | 031 0.31 0.29 0.30 0.29 033 0.30 1.70
meg';s‘d' 0.34 0.33 034 | 035 0.35 0.34 0.36 0.34 0.34

Median hour 14:00 11:00 12:00 | 12:00 11:00 15:00 12:00 10:00 14:30
of measurement

distribution of the day of measurement was con-
sidered to be the same for all of the measuring
stations (Fig. 3). Thus, by combining different lo-
cations and times of measurement, a range of en-
vironmental conditions was stimulated that was
wide enough to reveal the general and extreme
behaviour of the estimator 7},,,.

The process of simulating the CHE measu-
ring methodology is detailed here for clarity. A
Flumen measuring station was chosen and its
water temperature data for the year 1999 was ex-
tracted (e.g. TEscatron1999, the 10-minute water
temperature data measured at Escatron during
1999). Then 12 values were randomly generated

0,40 + —

SDXertal ¢
SDTortosal ¢ .-

.-SbS’a’stag(ﬁ

0,30
0,20

0,10
0,00 - —T
-0,10 -

‘¢ SDXerta2
SDRiba-roja . __.-'SBAscé

' SDFlixe.

mean bias

-0.20 1 SDTortosa2 s

0,307 #SDSastago

-0,40 — —
8 9 10 11 12 13 14 15 16

median hour of measurement

Figure 8. Mean bias of 7, for different time of measurement
frequency distributions according to the median hour of measu-
rement. Sesgo medio de T,,, para diferentes distribuciones de
frecuencia de la hora de medida en funcion de la mediana de la
hora de medida.

for the hour and day of measurement, according
to one of the frequency distributions for the time
of measurement (Fig. 4) and the frequency distri-
bution for the day of measurement (Fig. 3) (e.g.
SDSéstagol, the frequency distribution for the
time of measurement at Sastago from 1974 until
1995). By means of repeated sampling (n = 300)
for that station and time of measurement pattern,
it was possible to calculate the statistical proper-
ties of the estimator 7,,, (Tables 4 and 5). The
mean expected bias was also calculated as:

B=Tn, =Ty (6)

According to our calculations, the estimator
T,,, follows a normal distribution (Kolmogorov-
Smirnov test, p > 0.05). The mean expected bias
had values of between —0.77 and 0.56°C (Table
4) and standard deviation of between 0.235 and
0.473°C (Table 5). Bias varied according to
the time of measurement and the daily water
temperature ranges (Fig. 8, Table 4). Positive
biases appeared when measurements were taken
mostly in the afternoon. Negative biases were
found when the measurements were made in the
morning. The bias and standard deviation of the
estimations tended to be higher when there were
wider daily water temperature ranges (Tables
4 and 5). Standard deviation did not seem to
be greatly affected by the median time of the
measurements (Table 5).

These results imply that a priori, the estimator
T, cannot be considered to be unbiased or
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Table 6. Estimated annual mean water temperature at Escatron and Sastago in the years when the data series at both sites overlap.
Temperatura media anual estimada en Escatron y Sdstago en los aiios en que las series de datos de ambas localidades se solapan.

Mean annual water
Mean annual water . .
Year temp. at Escatrén (C) temp. at Sastago Difference (°C)
p- estimated with 7,,, (°C)
1975 13.65 14.68 1.03
1976 14.11 13.49 -0.62
1977 14.63 13.56 -1.07
1996 15.71 16.49 0.78
1997 16.21 - -
1998 15.43 - -
1999 15.41 16.12 0.71
2000 15.73 17.13 1.40

to have little standard deviation. In addition,
bias cannot be estimated in the case of the
SdstagoCHE data series, given that hourly or
10-minute measurements are not available for
Sastago. Furthermore, the SdstagoCHE data
series should be divided into two: the period
1974-1995, when most of the measurements
were taken in the morning; and 1996-2004, when
most of the measurements where taken in the
afternoon (Fig. 4). According to our results, the
mean expected bias should be different for the
two periods of time. This fact is supported by a
comparison of the overlap between the Escatrén
and Sastago data series (Fig. 6, Table 6).

Water temperature trend

The validation of the estimators showed that
the estimations of the annual mean water
temperature at Escatrén using the estimator 7,
and EscatronTEl data for the period 1949-
1977 were very accurate. The estimations made
with T,,, and EscatronTE2 data for 1996-2000
were sufficiently accurate after calculating the
bias. In contrast, estimations made using 7,
had a rather high variability and a bias that
was difficult to determine without knowing the
daily water temperature cycle at the point of
interest. For this reason, SdstagoCHE data were

not used in the analysis of the long-term water
temperature trend. Only the data from Escatrén
were used. The mean annual water temperature
at Escatrén is shown in figure 6 along with
the annual mean discharge. The annual mean
water temperature estimations at Sastago are also
shown for descriptive purposes only.

The annual mean water temperature at Es-
catron increased from 1955 to 2000. The rate of
increase was estimated with the Kendall-Theil ro-
bust line estimator. Water temperature increased
0.051°Cl/year (95 % confidence interval: 0.027-
0.067) in the period 1955-2000, or 2.3°C in this
46-year-long period. This increase in water tem-
perature is negatively correlated with a decrease
in discharge (Fig. 6) and positively correlated
with an increase in air temperature.

DISCUSSION

Estimation of the annual mean water
temperature

The results show that the water temperature
measuring methodology affects the accuracy of
the annual mean water temperatures estimated
from the data. The bias in absolute values can
be as great as 0.8°C. Standard deviations can
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be almost as high as 0.5°C. Variations in values
depend on the measurement methodology, the
time of measurement and the mean daily water
temperature range at the point of measurement.

Of the three annual mean water temperature
estimators, 7,,, was shown to be the most
accurate. It had a bias of less than 0.1°C. In
fact, early studies on water temperature in rivers
used maximum and minimum water temperature
measurements (e.g. Edington, 1965) and stated
that they provided ‘a reasonably satisfactory
average temperature’ (Macan, 1959).

As expected, the estimator 7,, was consis-
tently biased. The bias depended on the daily wa-
ter temperature range and the time of measure-
ment (Fig. 5). Given that 10-minute water tem-
perature measurements were available for two of
the years for which this estimator had to be ap-
plied, it could be calculated using (4) (Table 3).
A slight difference appeared when the annual bia-
ses for 1998 and 1999 were estimated by calcu-
lating T5(9:00) in (4) using either EscatronTE2
or EscatronUPC data. However, when the mean
of the two years was used the differences disap-
peared. The differences may be due to the pre-
sence of gaps in the data series (less than 5 %
of the measurements) or other reasons (e.g. dif-
ferent points of measurement) that could cause
an additional bias. The effect of gaps on the es-
timation of the mean annual water temperature
has not been considered herein, as the mean an-
nual water temperature was not calculated for the
years when the missing data accounted for more
than 5 % of the annual data.

The results showed 7, to be the poorest
of the three estimators. In addition to being
biased, it has a significant dispersion. As in
the case of the former estimator, bias depended
on the median time of measurement and on
the daily water temperature range. The standard
deviation of the bias also depended on the daily
water temperature range.

The implications of these results for the esti-
mation of annual mean water temperatures from
historical data are significant. Data series that
consist of daily maximum and minimum water
temperatures can be used confidently, whereas
data series that have consistent measurements at

or around a particular time of the day cannot be
used unless we can estimate the bias or ensure
that there is no significant bias.

Water temperature increase

Water temperature behaviour in the middle and
lower courses of rivers with relatively high
discharges is a complex phenomenon, as it
depends on processes that take place on different
scales. The thermal inertia inherent in high
discharges makes the water temperature at the
lower or medium course of a river dependent on
events that take place many kilometres upstream
as well as on local processes. At Escatron,
the effects of the origin of the water (rainfall,
snowmelt, etc.) on the water temperature can still
be felt (Arrie & Alberto, 1986).

Alberto & Arrue (1986) detected an increase
in the annual mean water temperature of the Ebro
River at Escatrén. This study extended the study
period to 1955-2000. The results showed that the
water temperature increased 2.3°C between 1955
and 2000. This increase seems to be related to
an increase in air temperature and a decrease in
discharge (Fig. 6). Empirical correlations show
that an increase in the air temperature generally
implies an increase in the water temperature
(Webb & Nobilis, 1997; Mohseni & Stefan,
1999). In addition, a decrease in discharge leads
to lower thermal inertia. This effect is greatest
in the summer when the river discharge is
lowest (Meier et al., 2003). The final effect on
the annual mean water temperature would be
an increase. Alberto & Arrte (1986) suggested
other possible human causes for the increase
in water temperature, including thermal inflows,
etc. However, a study at the basin scale is
required to determine the precise effect of these
or other factors on the water temperature.

CONCLUSIONS

The quality of the measurements must be asses-
sed when working with historical water tempe-
rature data. Because of the daily variability in
water temperature, the estimations of the annual
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mean water temperature based on measurements
taken at or around a given time of day are bia-
sed. In this case, the bias depends on the time
of the measurement and on the mean daily wa-
ter temperature range. In some cases, the bias
may be estimated and the estimations of the an-
nual mean water temperature corrected accordin-
gly. Estimations of the annual mean water tem-
perature that are based on daily measurements
of maximum and minimum water temperatures
can be considered unbiased.

At Escatrén, the annual mean water tempera-
ture series could be reconstructed from historical
data for 1949-2000, although a gap between 1978
and 1995 could not be filled in. This series shows
a 2.3°C increase in annual mean water tempera-
ture in the period 1955-2000.
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