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ABSTRACT

Climate change projections for the winter streamflow of the Douro River have
been obtained for the period 2071-2099, using the Principal Component Regression
(PCR) method. The winter streamflow time series (January to March) from eight sta-
tions distributed over the basin, covering the period 1950-2011, were used as pre-
dictand variables, while the principal components (PCs) of the winter (December
to February) anomalies of sea level pressure (SLP) were used as predictors of the
streamflow for the development of a statistical downscaling model. The period 1950-
1995 was used for the calibration of the regression model, while 1996-2011 was used
as validation period. The statistical downscaling model fitted from the observational
SLP data was applied to the SLP outputs of three GCMs for the period 2071-2099,
under the climate change scenarios RCP2.6, RCP4.5 and RCP8.5. The main result
obtained is that all models and scenarios project a generalized decrease in the winter
streamflow of the Douro River.

Key words: Statistical downscaling, Iberian Peninsula, Douro streamflow, clima-
te change projections.

RESUMEN

Se han obtenido proyecciones de cambio climatico para el caudal de invierno del
Rio Duero, para el periodo 2071-2099, usando el método de Regresion por Compo-
nentes Principales (PCR). Las series temporales de caudal (de enero a marzo) de ocho
estaciones distribuidas a lo largo de la cuenca, cubriendo el periodo 1950-2011, han
sido utilizadas como variables predictando, mientras que las componentes principales
(PCs) de las anomalias de la presion a nivel del mar (SLP) en invierno (diciembre a
febrero) fueron usadas como predictores del caudal para el desarrollo de un modelo
de downscaling estadistico.

Para la calibracion del modelo de regresion se utilizo el periodo 1950-1995 como
periodo de calibracion, mientras que el periodo 1996-2011 fue usado para validacion.
El modelo de downscaling estadistico ajustado a partir de los datos observacionales
de la SLP ha sido aplicado a las salidas de tres GCMs para los datos de SLP en el pe-
riodo 2071-2099, bajo los escenarios de cambio climatico RCP2.6, RCP4.5 y RCPS.5.
El principal resultado encontrado es que todos los modelos y escenarios proyectan un
decrecimiento generalizado en el caudal de invierno del rio Duero.

Palabras clave: Downscaling estadistico, Peninsula Ibérica, caudal del Duero,
proyecciones de cambio climatico.
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1. INTRODUCTION

Climate change has a direct and important impact on water resources. The effects
on these resources will manifest not only in the variation of the quantity but also in the
alteration of the quality and temporal distribution of the water (Moreno et al., 2005).

Although the flow and storage of water in the Earth’s climate system are highly
variable, it is clear that other changes apart from those due to natural variability are
expected by the end of the current century (IPCC, 2013). The extent to which climate
change affects water resources is evaluated through the changes observed in different
variables (Gonzalez-Zeas et al., 2010). The best example could be the proved increase
in temperatures (Dasari ef al., 2014), what will cause a net increase in rainfall, surface
evaporation and sea level (Chang et al., 2015).

Spain is a country with a huge variety of water uses. Mainly its developed agricul-
ture and its high hydroelectric potential have led to the development of a large amount
of reservoirs, dams and underground water intakes (Moreno et al., 2005). And it is,
by far, the agricultural activity the largest water consumer, representing on average
40% of the total water consumption in Europe, although in Mediterranean countries,
like Spain, it represents 60—80% (Rasilla ez al., 2013). Unfortunately, Spanish water
resources have a high spatio-temporal irregularity in natural regime, especially when
it is compared with the European average. For this reason, it has been necessary a
marked human intervention in the hydrological cycle throughout the time, having
profoundly altered its natural characteristics (Garrote de Marcos et al., 2008).

According to Falkenmark and Lindh (1976) a consumption of 20% of the total
renewable water resources is considered as the limit of overexploitation of a system.
In most of the basins of Spain water resources are overused. As shown in the Libro
Blanco del Agua in Spain (2000), the Douro River is dangerously in the limit of over-
exploitation, with 14.175 m? of input and 2.929 hm? of intake, which makes a relation-
ship of 21% of consumption. The precipitation regime in this basin, located over the
north plateau of the Iberian Peninsula (IP), is characterized by a marked annual cycle,
with rainy winters and very dry summer.

Natural water resources in the IP are used intensively, especially in agriculture,
but also in other sectors, such as hydropower industry or tourism. Together with the
increase in water demand, the observed decrease in water availability has intensified
the situation of water stress in Spain. A country of this nature is very sensitive to
declines that may present the inherent water resources to climate change, and, as men-
tioned before, adapting to the coming water stress conditions will demand economic,
social and technical measures beyond the frontiers of each country.

In view of the above, the main objective of this work is to obtain climate change
projections of the Douro River winter streamflow for the period 2071-2099.

2. DATA

The streamflow data base used in this work has been provided by the Center for
Studies and Experimentation of Public Works (CEDEX). Time series from gauging
stations and reservoirs with less than 5% of missing data for the period 1950-2011
have been considered. So, we have selected just eight stations whose gaps were
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filled by regression with well correlated neighboring stations. Table 1 shows a brief
summary of the selected stations, while their localizations can be found in Figure 1.

Station Number Sﬁ:z‘;?l%eo:vn(nl;lsls)
2030 12.8
2031 15.1
2036 27.7
2062 111.5
2082 6.1
Villalcampo 2002 246.3
Castro 2003 247.4
Ricobayo 2029 129.4

Table 1: Basic characteristics of the gauging stations (dark gray) and reservoirs (light gray)
used in this work. The average annual streamflow was obtained from CEDEX.
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Fig 1: Localization of the streamflow series analyzed in this work within the Spanish part of
the Douro Basin. Gauging stations are shown in red and reservoirs in green.

In the present study, we use the sea level pressure (SLP) averaged from December
to February (DJF), as predictor variable for winter (JFEM) Douro streamflow because
the links between precipitation and atmospheric circulation tend to be the strongest
in winter. Database used is the SLP monthly mean from the reanalysis data NCEP-
NCAR. This SLP data set has a temporal coverage from 1950 to 2011, and a horizon-
tal resolution of 2.5° X 2.5°.

Also, the SLP outputs from three GCMs of the CMIPS for the historic (1951-
2005) and future periods (2071-2099) are used. The GCMs used are CESM1 (CAMY),
IPSL-CM5A-MR, and MIROCS. All SLP data, reanalysis and GCMs, were chosen
for a range covering the area from 20°N to 90°N and from 110°0 to 70°E.

For computing the climate change projections of winter Douro streamflow, the
RCPs scenarios 2.6, 4.5 and 8.5 have been chosen.

3. METHODOLOGY

There are many different statistical techniques that have been applied in order to
downscale climate data. In this work we follow the methodological scheme based on
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the Principal Component Regression (PCR), as in Palomino-Lemus et al. (2015). PCR
is a method that can be used to overcome the problem of multicollinearity on predictor
variables, because a multiple regression model needs predictors uncorrelated or not

multicollinear (Wigena and Djuraidah, 2014). In summary, the PCR method has two

parts: 1) obtaining streamflow predictors through a Principal Component Analysis

(PCA) applied to the SLP field, and 2) the construction of a multiple regression model

that use the selected predictors to simulate de streamflow (named the downscaling

model). Finally, streamflow projections for the period 2071-2099 by applying the

obtained downscaling model to the SLP data derived from the GCM simulations

under the three chosen RCPs scenarios (RCP2.6, RCP4.5 and RCP8.5) are computed.
In other to correct the models bias, the Delta method (Hijmans et al., 2005; Palomino-
Lemus et al., 2015) was used, so the projected changes are calculated as the difference

between the modeled streamflow using historical and RCPs output for each model.
The difference between the mean values for present and future downscaled streamflow
was evaluated by the Wilcoxon—Mann—Whitney rank sum test.

4. RESULTS
4.1. Spatio-temporal variability of SLP

For starting, the stability of the predictor field, winter SLP, is analyzed computing
a Principal Component Analysis (PCA), used to identify the main variability patterns
of winter SLP. This PCA obtains patterns (EOFs) that facilitate the comparison of the
climate variability reproduced by the reanalysis data (NCEP) and the models. For this
analysis, the first six modes of winter SLP variability identified by the PCA of the
reanalysis data in the period 1950-2011, which explain 85.7% of the total variance,
were retained. Figure 2 shows these spatial patterns (EOFs).

Fig 2: Factor loading of the first six leading Empirical Orthogonal Factors of winter SLP
over the study area for the reanalysis data. Variance explained by each mode is indicated in
parentheses.
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EOF1 explains 46.48% of the variance for the winter SLP field, with a positive
correlated center located over Greenland and another negative correlated center over
the Mediterranean and the central North Atlantic. This spatial pattern clearly corres-
ponds to the NAO. The second EOF, which explains 11.90% of winter SLP variance,
exhibits a positive center located in the North Atlantic. EOF3 (10.86% of variance)
presents a tripolar structure with a high negative correlation center in northern Europe.
EOF4 (9.93% of variance) also shows a tripolar structure with a pattern with high
negative loadings centered on the British Isles. EOF5 and EOF6 (3.54% and 3.02%,
respectively) account for only 14.43% of the SLP variance and show different action
centers over the study region with lower correlations.

The associated PC time series (not shown) present for all the cases an important
interannual variability. For the PC1 decadal variability is also apparent. To explore the
physical meaning of these spatial modes, correlations between the PC series and se-
veral teleconnection indices for the period 1951-2010 have been computed, and they
are shown in Table 2. As expected, the time series of the first EOF is strongly linked
with the NAO (r = -0.55), and it exhibits a significant increase in the year 2010. PC1
is also linked to both the EA (r =-0.33) and the EA-WR indices (r = -0.27). Also, the
third PC series is linked with the SCAND index (r = 0.26).

PC1 pPC2 PC3 PC4 PCs PCé6
NAO -0.557 -0.179 0.131 0.193 -0.001 0.007
EA -0.333 -0.047 -0.150 -0.014 0.006 0.080

SCAND 0.025 0.043 0.268 -0.106 0.076 0.001

EA-WR -0.279 -0.043 -0.019 0.182 0.071 0.133

Table 2: Correlations between the six leading PCs of the winter SLP reanalysis data and the
teleconnection indices NAO, EA, SCAND and EA-WR, for the period 2051-2010. Significant
correlations at 95% confidence level are shown in bold.

Figure 3 shows the spatial patterns of the SLP variability (EOFs) from the models
MIROCS, CESM1 (CAMS) and IPSL-CM5A-MR, for the present time (1951-2005).
For the first EOF, all models show similar structures and have almost the same per-
centage of explained variance than the EOF1 of NCEP, except for the MIROCS5 model,
whose structure is mainly the same but spreads to the west, being its variance a little
bit lower. EOF2 is characterized by a positive center located in the North Atlantic for
the NCEP data, being a negative center for the CESM1 (CAMS) and IPSL-CM5A-
MR models, which explain a bit more of variance. The MIROCS represents a struc-
ture that is further from the EOF of the reanalysis data, although its variance is higher.
For EOF3, all models show similar structures to the EOF3 of reanalysis data, with
the same percentage of explained variance. Regards the fourth EOF, it is the CESM1
(CAMS) model which is the nearest to represent the EOF4 from the reanalysis data,
being the MIROCS5 model which presents a more differentiated pattern to the NCEP
data. Again, the variance explained is very similar. Finally, EOF5 and EOF6 represent
different structure between them and from the NCEP data, and their variance is almost
similar.
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In order to select adequate predictors for winter Douro streamflow that can be used
in a regression model, correlations between streamflow time series and the six leading
PCs of the SLP from reanalysis data, for the period 1950-2010, have been calculated.
PCs that show significant correlations at 95% confidence level with the streamflow
time series in the Douro River were selected as predictor variables for the regression
model. This result is shown in Table 3. Note that the first two variability modes and
the fifth and sixth (also the fourth but just for the gauging station number 2082) of the
winter SLP are significantly associated with winter Douro streamflow. Thus, only these
five modes were considered for the development of the regression models.

MIROCS CESMI(CAMYS)

EOF 2(17.97 %)

5  EOF2(1572%)
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Fig 3: EOF loading factors of winter SLP for the three GCMSs considered in the period 1951-
2005. Variance explained by each mode is indicated in parentheses.

4.2. Principal component regression models for the streamflow

We used the principal component regression (PCR) method to build the forecas-
ting model for the streamflow. For this analysis, we retained the first two variability
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modes of winter SLP field for all the stations, but also the fourth, fifth and sixth PCs
appeared in some cases as significant. The training period 1950-1995 was used as
calibration period, while the period 1996-2011 was used to verify the model.

Station PC1 pPC2 PC3 PC4 PCs PCé
2030 -0.647 | -0.248 | -0.067 0.093 0.255 0.178
2031 0.608 | -0.273 | -0.048 | -0.011 0.259 0.117
2036 0.575 | -0.243 | -0.021 0.024 0.235 0.165
2062 0.608 | -0.279 | -0.020 | -0.044 0.191 0.225
2082 0.635 | -0.237 | -0.157 | -0.235 0.142 0.233
2002 0.620 | -0.288 0.001 | -0.075 0.191 0.240
2003 0.597 | -0.294 0.013 | -0.065 0.211 0.242
2029 0.633 | -0,255 | -0.021 | -0.102 0.166 0.263

Table 3: Correlations between the PCs of winter SLP reanalysis data and the streamflow.
Significant correlations at the 95% confidence level are shown in bold.

Table 4 presents a summary with the statistics obtained from the regression mo-
dels, showing the significant correlations values, at 95% level, between the observed
and predicted streamflow, and the root-mean-square error (RMSE), for both periods
(calibration and validation).

Training period Verification period Recalibration
(1950-1995) (1996-2011) period (1950-2011)
Station r RMSE r RMSE r RMSE
2030 0.79 23.99 0.66 34.47 0.75 26.59
2031 0.76 32.69 0.65 55.70 0.72 8.85
2036 0.68 61.20 0.68 79.63 0.68 65.63
2062 0.75 231.51 0.63 373.03 0.73 55.45
2082 0.78 12.53 0.70 19.04 0.76 14.09
2002 0.77 516.19 0.63 795.23 0.75 578.14
2003 0.77 505.22 0.63 783.56 0.70 611.09
2029 0.80 227.83 0.64 440.82 0.75 287.67

Table 4: Correlation (r) and root-mean-square error (RMSE) between the observed and
predicted streamflow by the regression model for the calibration period, the validation period
and the recalibration period.

In general, the regression models work properly, performing well during the train-
ing period, but a bit worse during the verification period, although it clearly fails when
estimating peak values (not shown) as the high flows registered during the years 1979
and 2001, which correspond to very rainy years in the region. We may attribute to
these years the principal cause of the high RMSE values obtained.

Once the downscaling model has been validated, we have recalibrated it using
all data, that is, calibrating it again for the full period. The correlation coefficients
between the observed and predicted values and their RMSE are also presented in
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Table 4. There is an improvement in the prediction withrespect to the verification
period, although the model is not able to reproduce the extreme streamflow values of
the last records.

4.3. Climate change projections

After having established the principal component regression model for the statis-
tic downscaling of the streamflow, and in order to identify the potential impact of the
climate change, we have applied it to the SLP data derived from the GCM simulations
for both the present (1951-2005) and future (2071-2099) climate under the RCP2.6,
RCP4.5 and RCPS8.5 scenarios.

In general, for present climate (results not shown) we could say that CESM1 and
IPSL-CM5A-MR models present a clear streamflow underestimation, whereas MI-
ROCS5 shows important overestimations. Furthermore, there are marked differences
between the performance of the different models, being the IPSL-CMS5A-MR which
better represents the present conditions for most of the stations. Therefore, there are a
considerable bias between the observational streamflow data and the present climate
estimations from the models, which could be attributed to the tendency of the GCMs
to show a more zonal pattern of the SLP than the NCEP data. This bias is taken into
account when calculating the winter streamflow projections for the period 2071-2099.
Thus, the streamflow differences have been obtained by subtracting the average model
values in the present time to the projected future data, being the percentages relative to
the present modeled average. The results obtained for the future are shown in Table 5.

The results of the projected changes for later this century show generalized
decreases of the winter streamflow for all models and scenarios. As expected, the
RCP2.6 scenario presents the lowest decreases, in contrast to RCP8.5, which shows
the highest decreases in the winter streamflow for CESM1 and IPSL-CM5A-MR mo-
dels, but being the RCP4.5 scenario which surprisingly projects the greatest changes
for MIROCS. The stations 2002, 2003 and 2029 suffer the biggest changes, due to the
fact that are reservoirs and contain the biggest amount of water.

The p values obtained from the Wilcoxon—-Mann—Whitney rank sum test is higher
for the results obtained with the CESM1 and IPSL-CM5A-MR models, being the lowest
values these which were obtained for the RCP8.5 scenario, so for this scenario the
streamflow projected are significant for some locations. On the other hand, the MIROCS5
model presents low p values in general, therefore, it shows the most significant changes.

5. DISCUSSION

Climate change projections for winter Douro River streamflow under the sce-
narios RCP2.6, RCP4.5 and RCPS.5, for the period 2071-2099, using the outputs
of three GCMs (MIROCS5, CESM1 and IPSL-CM5A-MR) have been computed by
using the PCR method. The PCA applied to the winter SLP reanalysis data from the
NCEP showed the existence of six leading variability modes, which explain 85.7%
of the total variance. We analyzed the association between these resulting principal
components and the streamflow series in order to use the SLP PC series as predictor
variables in a multiple regression model.
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The statistical models built for the eight stations showed in general a good repre-
sentation both for the calibration and validation periods, although they clearly failed
at estimating peak values which correspond to very rainy years. After this step, we
recalibrated it again for the full period. Finally, we applied the model data to our re-
gression model, obtaining the streamflow projections.

The general conclusions are the following:

MIROCS5 CESM1 IPSL-CM5A-MR

Station | RCps | Diffwith | Diff | Diffwith | Diff | Diffwith | Diff
(1950-2011) | (%) | (1950-2011) | (%) | (1950-2011) | (%)

26 83| -85 12 27 38| 58

45 358] -365 80| -173 46| 70

8.5 138 141 164 | -353 28| 43

26 76| 69 31 s 22| 22

45 137 124 14| -185 55 56

8.5 63| 57 249 -404 146 -148

2.6 34| -6 00| -00 392 31

45 843| -40.8 44| 46 136 -107

8.5 58] 28 277|288 328 -26.0

26 863| -10.6 206| 52 197 42

45 3652 | -45.0 877 223 19.5 42

8.5 66.1] 8.1 1353 345 694 -149

26 31| 68 10| 82 1.1 5.7

45 236| -525 44| 346 1.5 72

8.5 20| 44 36| -286 20| -99

26 -199.0 | -11.4 468| 5.8 445 47

2002 |45 8437 -482 199.9 | -24.9 50.7 53
8.5 1517 87 3020 -37.6 1517 -15.9

26 197.4| -115 472 57 4] a4

2003 |45 7913 | -46.0 1985 237 57.1 5.9
8.5 1487 86 2894 | -3438 1377 -14.

26 3273 334 89.6| -19.6 1794 | -36.0

2029 | 4.5 -662.0 | -67.5 290]  -63 3165 -63.6
8.5 2637 269 2120 | -46.3 4575 919

Table 5: Absolute (hm?) and percentual (%) differences between observed and downscaled
GCM values for the future period (2070-299), for each GCM and RCP. Significant changes at
95% condidence level are in bold.

* The NAO is the teleconnection pattern that mainly controls the winter precipi-
tation variability in the west part of the IP, and therefore it is directly reflected in the
winter seasonal flow of the Douro River. This pattern is mainly represented by the
first SLP EOF.

* For the downscaling model, there is an improvement in the regression model
during the verification period after having recalibrated it for the full period. However,
the model fails at estimating peak values related to very rainy years.
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* CESM1 and IPSL-CM5A-MR models present a clear underestimation of the
present streamflow, whereas MIROCS shows important overestimations. Thus, that
bias has effects on the results of the future projections.

* The Global Circulation Models MIROCS5, CESM1 and IPSL-CM5A-MR clear-
ly show generalized decreases of the winter Douro River streamflow for the period
2071-2099, under the scenarios RCP2.6, RCP4.5 and RCPS.5, being for this scenario
more significant, particularly for MIROCS model.

It should be noted that the downscaling method used in this work can only repre-
sent the changes in the streamflow, which are principally derived from the changes in
the rain, linked to changes in the atmospheric circulation as we only used one predic-
tor field (SLP) in the downscaling model. In this sense, this work represents a first step
to the analysis of the climate change impact on IP streamflow. Subsequent research is
necessary because changes in the streamflow could be also linked to other predictor
fields such as temperature.

AKNOWLEGMENTS
This work has been financed by the projects P11-RNM-7941 (Junta de Andalucia-

Spain) and CGL2013-48539-R (MINECO-Spain, FEDER).

REFERENCES

Chang, B., Guan, J., and Aral, M. M. (2015). Scientific Discourse: Climate Change
and Sea-Level Rise ASCE Journal of Hydrologic Engineering, 20, A4014003-
1-14.

Dasari, H. P, Pozo, 1., Ferri-Yaiiez, F., Araujo, M. B. (2014). A regional climate study
of heat waves over the Iberian Peninsula. Atmospheric and Climate Sciences,
4(05), 841.

Falkenmark, M., Lindh, G., Lindh, G., and Lindh, G. (1976). Water for a starving
world. Westview Press Boulder, CO, USA.

Garrote de Marcos, L., Carrasco, M., Javier, F., Pedrosa, L. (2008). Respuestas de
adecuacion ante los escenarios de cambio climatico. En: Agua y Ciudad. Semana
Tematica de la Expo de Zaragoza, Zaragoza, Espaiia.

Gonzalez-Zeas, D., Garrote, L., Iglesias, A. (2010). Analisis hidrologico de los
escenarios de cambio climatico en Espafia. Unpublished Ph. D. Thesis, Technical
University of Madrid, Spain.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., Jarvis, A. (2005). Very

high resolution interpolated climate surfaces for global land areas. International
Journal of Climatology, 25(15), 1965—-1978.

IPCC (2013). Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen,
S.K., Boschung, J., Nauels, A., Xia, Y., Bex V., Midgley, P.M. (eds.)]. Cambridge
University Press, Cambridge, United Kingdom, 1535 pp.



CLIMATE CHANGE PROJECTIONS FOR WINTER STREAMFLOW IN DOURO RIVER 447

Libro Blanco del Agua (2000). Centro de Publicaciones, Secretaria general Técnica,
Madrid, Ministerio de Medio Ambiente.

Moreno, J. M., De la Rosa, D., Zazo, C. (2005). Evaluacion preliminar de los impactos
en Espaiia por efecto del cambio climatico. Madrid, Espaiia Ministerio de Medio
Ambiente.

Palomino-Lemus, R., Coérdoba-Machado, S., Gamiz-Fortis, S. R., Castro-Diez,
Y., Esteban-Parra, M. J. (2015). Summer precipitation projections over north-
western South America from CMIPS models. Global and Planetary Change, 131,
11-23.

Rasilla, D. F., Garmendia, C., and Garcia-Codron, J. C. (2013). Climate change
projections of streamflow in the Iberian Peninsula. International Journal of Water
Resources Development, 29(2), 184-200.

Wigena, A. H., Djuraidah, A. (2014). Quantile regression in statistical downscaling to
estimate extreme monthly rainfall. Science Journal of Applied Mathematics and
Statistics, 2(3), 66-70.



