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Abstract

Precipitation over the Iberian Peninsula (IP) is highly variable and shows large spatial
contrasts between wet mountainous regions, to the north, and dry regions in the inland
plains and southern areas. In this work, a high-density monthly precipitation dataset for
the IP was coupled with a set of 26 atmospheric circulation weather types (Trigo and5

DaCamara, 2000) to reconstruct Iberian monthly precipitation from October to May with
a very high resolution of 3030 precipitation series (overall mean density one station
each 200 km2). A stepwise linear regression model with forward selection was used to
develop monthly reconstructed precipitation series calibrated and validated over 1948–
2003 period. Validation was conducted by means of a leave-one-out cross-validation10

over the calibration period. The results show a good model performance for selected
months, with a mean coefficient of variation (CV) around 0.6 for validation period, being
particularly robust over the western and central sectors of IP, while the predicted val-
ues in the Mediterranean and northern coastal areas are less acute. We show for three
long stations (Lisbon, Madrid and Valencia) the comparison between model and orig-15

inal data as an example to how these models can be used in order to obtain monthly
precipitation fields since the 1850s over most of IP for this very high density network.

1 Introduction

Understanding precipitation variability is crucial to assess recent significant climate
trends and predictions, to calibrate regional models, to quantify changes in the hydro-20

logical cycle and to develop national and regional water planning. However, precipita-
tion variability is difficult to assess because precipitation is one of the climate elements
with highest variability at temporal and spatial scale. This explains the generalized
recommendation of high density precipitation which requires a database for regional
analyses.25
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In Europe one of the most important areas to study precipitation variability is the
Iberian Peninsula (IP) because of its latitudinal location (between tropical and mid lati-
tudes), its western position contrasting between two water bodies (Atlantic ocean and
Mediterranean Sea), and also because the disposition of the main relief chain in central
and western areas is West-East, while to the East the relief is North-South. Thus pre-5

cipitation in the IP exhibits high variability at spatial and temporal domains (de Castro
et al., 2005; de Luis et al., 2008).

In the IP precipitation presents the largest concentration from October to May, mainly
due to the baroclinic synoptic-scale perturbations moving eastward from the Atlantic
Ocean, although mesoscale convective systems are also responsible for high rainfall10

rates in the eastern half of the Iberian Peninsula (Paredes et al., 2006; Garcı́a-Herrera
et al., 2005). In contrast, the scarce summer precipitation is mostly due to local fac-
tors and convective storms (Serrano et al., 1999). Furthermore, seasonal precipitation
regimes in the IP exhibit a great variability, and dramatic changes during the second
half of the 20th century have been detected mostly by the effect of spring precipitation15

decrease (de Luis et al., 2010). For these reasons, rainfall spatial variability in the IP
can be detected only using a spatially dense network of observations (Auer et al., 2005;
Brunetti et al., 2006; Valero et al., 2009; Gonzalez-Hidalgo et al., 2009).

In recent years, significant efforts were made to reproduce precipitation behaviour in
Europe with a particular focus in the IP from daily to seasonal scales, using an array of20

methods including circulation weather types (WTs). The usefulness of WTs classifica-
tion has been investigated for a wide range of applications in scientific domains, from
climate to environmental areas such as air quality, and increasingly for natural hazards
such as forest fires, floods, droughts, avalanches and storm lightning (e.g. Demuzere et
al., 2009; Prudhomme and Genevier, 2011; Kassomenos, 2010; Ramos et al., 2011).25

From an hydrological perspective, WTs classifications have been used for different pur-
poses, including their relation with precipitation (e.g. Hanggi et al., 2011; Andrade et
al., 2011), drought (e.g. Fowler and Kilsby, 2002; Fleig et al., 2011) and river discharge,
including floods (e.g. Wilby, 1993; Auffray et al., 2011; Fowler et al., 2000).
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The main objective of all circulation classification schemes is to provide fast, objec-
tive and reproducible methods for categorizing the continuum of atmospheric circula-
tion into a reasonable and manageable number of discrete classes (types). Different
methods exist for the classification of circulation weather types (WTs), as was shown by
Huth et al. (2008), and Phillip et al. (2010). These different methodological approaches5

can be categorized by the kind of type definition they use that can range from pure sta-
tistical (e.g. Cluster analysis and PCA) or dynamic based (e.g. intensity and direction
of geostrophic wind and vorticity).

Regarding the use of WTs classification for downscaling, Bárdossy and Pe-
gram (2011) define procedures to give confidence in the interpretation of such rainfall10

estimates modelled by global circulation models (GCMs). They use circulation patterns
to define quantile-quantile transforms between observed and GCMs estimated rainfall
in present climate and to estimate the rainfall patterns in future scenarios. Wilby (1998),
modeled low-frequency rainfall events by means of: airflow indices, WTs classifications
and frontal frequencies. Distinct circulation weather type clusters were identified and15

used to construct a simplified model of daily precipitation amount. The model was cali-
brated against station data for the period 1970–1990 and used to reconstruct observed
daily precipitation between 1875 and 1969 given the historic sequence of WTs.

In the Iberian Peninsula, Goodess and Palutikof (1998) developed a Markov Chain
model to reconstruct daily precipitation at 20 locations in Guadalentin Basin (SE Spain)20

using 8 WTs as predictor variables. Trigo and DaCamara (2000) introduced a multiple
regression model based on the three wettest WTs frequencies (the cyclonic, the south
westerly and the westerly types) as predictor variables to reconstruct monthly winter
rainfall totals for 18 key sites in Portugal. Spellman (2000) performed a stepwise re-
gression analysis on a catalogue of air flow indexes to estimate monthly mean rainfall25

amounts for IP. Goodess and Jones (2002) expanded the regression model to include
up to 14 circulation weather-types frequencies with a forward selection method based
on the F-test and applied to 20 Iberian stations. Finally, Santos et al. (2005) devel-
oped a K -mean cluster analysis over the first three principal components of the daily
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sea-level pressure weighted anomalies to isolate 5 weather regimes responsible for the
inter annual variability of monthly winter rainfall amounts.

However, all the above mentioned works addressing the link between monthly win-
ter precipitation and atmospheric circulation patterns relied on low density observation
networks to calibrate their models (typically less than 50 stations for the whole IP).5

In this regard it is perfectly reasonable to state that the spatial detail required for hy-
drological planning, soil erosion, and many other purposes were not well captured.
Also spring, summer and autumn precipitation variability were less explored, notwith-
standing October–April are the most rainiest period in many areas in the IP (de Luis
et al., 2010). In these sense, the recent developing of high density spatial database of10

monthly precipitation in the IP combining Portugal and Spanish land (see Gonzalez-
Hidalgo et al., 2011; Lorenzo et al., 2011) provide for the first time an opportunity to fill
this gap and facilitates the relationships between weather types and precipitation totals
at high spatial detail.

Accordingly, the objective of this paper is the development of a model based on15

WTs to calibrate and validate monthly precipitation totals in the IP. The research is
conducted not on precipitation variability itself, but on the nature of its variability. This
paper is the starting step to provide the opportunity of extending the reconstruction of
monthly precipitation at very high resolution as far back in time as 1850, because cata-
logues of circulation weather types are now available since then. These reconstructions20

at high spatial detail would provide in the near future the long-term contextual frame-
work of precipitation variability and trends in the IP, thus allowing considering the recent
changes of precipitation monthly distribution within a more global context from the mid-
dle of the 19th century. Therefore, while the main effort of this paper is centred on the
evaluation of models performance during the 1948–2003 calibration/validation period,25

we will also assess the potential of this modelling approach by applying the validation
with three of the longest series of monthly precipitation available in the IP.

The model selected was a forward stepwise linear regression derived from that of
Trigo and DaCamara (2000) and of Goodess and Jones (2002). It uses 26 WTs as
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predictor variables, and monthly rainfall totals as the predicted variable. Like many
other rainfall models, the validation method was developed only for the October to
May months, because most IP precipitation falls within these months (roughly 80 %).
Moreover, changes in summer rainfall cannot always be explained by changes in circu-
lation, given that local factors play a major role (Mosmann et al., 2004). Finally, monthly5

reconstruction was preferred, because seasonal trend analysis often masks different
monthly trends in the IP precipitation (Serrano et al., 1999; Goodess and Jones, 2002;
Gonzalez-Hidalgo et al., 2009; de Luis et al., 2009).

The paper is organized as follows. Section 2 describes the data, circulation weather
types used, description of the model and the validation method. Section 3 analyses the10

model performance and the relative contribute to total monthly precipitation of each WT.
The following two sections are devoted to two useful hydrological applications of this
methodology namely to reconstruct long-term precipitation (Sect. 4) and to reproduce
long-term river flow variability of three large Iberian rivers (Sect. 5). Finally, Sect. 6
contains a summary of the main results and the concluding remarks.15

2 Database, weather types and methods

2.1 Precipitation data

We used a dense network of monthly precipitation series from MOPREDAS database
(MOnthly PREcipitation DAtabase of Spain) for Spanish land (Gonzalez-Hidalgo et
al., 2011) and a Portuguese database from INAG – Instituto da Água (Servicio Na-20

cional de Informaçao de Recurcos Hı́dricos) (Lorenzo et al., 2011). In this research,
the total amount of series are 2644 and 386 for Spain and Portugal respectively con-
terminous land, and the spatial distribution is presented in Fig. 1. The series come
from an exhaustive quality control of original information, and the series are free of
anomalous data and inhomogeneities (details can be found in Gonzalez-Hidalgo et al.,25

2011; Lorenzo et al., 2011). At present the dataset is the most complete and extensive
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monthly precipitation database available in IP, and it allows to combine a high station
density with a long reconstruction period. In this research, the selected period was
1948–2003 with an overall spatial density of 1 observatory/200 km2. In general terms,
the spatial distribution is quite homogeneous all over the IP, being lower in Galicia (NW
IP), Extremadura (W) and Pyrenees (NE). In any case it should be stressed that this is5

the work with the highest density of stations covering the entire IP. Additionally we have
used precipitation values for three very long monthly precipitation series of IP (Lisbon,
Madrid and Valencia) with common data between 1864 and 2003.

2.2 Circulation data and weather type classification

This study relies on a daily historical European-North Atlantic mean sea level pres-10

sure dataset produced for 1850–2003 on a 5◦ latitude by longitude grid and compiled
by Ansell et al. (2006) in the framework of the EMULATE project. The daily circula-
tion weather types affecting IP are characterized through the use of a set of indices
adopted by Trigo and DaCamara (2000) who take into account physical or geometrical
considerations, such as the direction and strength of airflow, direction and vorticity of15

geostrophic flow, and degree of cyclonicity. This classification is based on the corre-
sponding objective classification defined for the British Isles (Jenkinson and Collison,
1977; Jones et al., 1993) and has been broadly used for studying climate variability in
the region like: trends of Iberian precipitation (Spellman, 2000; Goodess and Jones,
2002; Paredes et al., 2006), extreme events assessment such as droughts (Garcia-20

Herrera et al., 2007), wet winters (Vicente-Serrano et al., 2011) or even relationship
with modes of low frequency variability (Ramos et al., 2010). Furthermore, this method-
ology has also been also used for the construction of climate change scenarios (Good-
ess and Palutikof, 1998; Miranda et al., 2002) and even linking storm lightning activity
to atmospheric circulation (Tomás et al., 2004; Ramos et al., 2011). The set of indices25

was computed using sea level pressure (SLP) values obtained for the 16 grid points and
shifted 5◦ to the east compared with the original study of Trigo and DaCamara (2000),
in order to centre the study area (Iberia Peninsula) in the grid flow indices (Fig. 2).
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The indices mentioned allow us to define 26 different circulation Weather Types
(WTs) at daily level and for the study period; 8 WTs are purely directional types (NE,
E, SE, S, SW, W, NW and N, see Fig. 3); 2 WTs are dominated by the strength of
vorticity (cyclonic C and anticyclonic A types); and 16 other WTs are hybrid types (8
for each C or A hybrid, see Table 1). The conditions established to define the differ-5

ent circulation weather types are the same as in Trigo and DaCamara (2000). Unlike
some other authors (Jenkinson and Collison, 1977; Jones et al., 1993), an unclassified
class was not defined, opting to disseminate the fairly few cases (<2 %) with possi-
bly unclassified situations among the retained classes. For model performance usually
WTs classifications using a smaller number of WTs are recommended, because in this10

case each predictor WT benefits of a higher number of days for month, and then re-
gression analyses is improved. We tried this approach with 10 WTs, and the resulting
model performance, measured with the global Coefficient of Variation (CV) score (see
Sect. 2.3.1), was 0.60; for 18 WTs it was found to be 0.57; and finally the CV with
26 WTs was 0.55. This means that 26 WTs improved the regression performance up15

to 8 % compared to what was achieved using 10 WTs only, so the classification with
26 WTs was selected for all the following analysis.

2.3 River flow data

Monthly river flow data were provided by the Portuguese Institute of Water (INAG) for
river Guadiana, Tagus and Douro and is restricted to the period 1956–2006, that has20

been used in previous applications by some of us (Trigo et al., 2004; Gámis-Fortis et
al., 2010) and has been intensively checked for inconsistencies. The location of the
river gauges within the Portuguese section of the rivers is depicted in Fig. 1, and the
main characteristics of the flow measured at these gauges can be seen in Table 2.
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2.4 The model

In order to develop a monthly precipitation reconstruction of Iberian rainfall, a stepwise
linear regression analysis (forward selection) was performed from 1948 to 2003. The
model was applied individually to all 3030 Iberian precipitation series and for the eight
separate months (from October to May). The 26 daily WTs were grouped into monthly5

mean values and used as potential predictor variables and monthly rainfall totals as
predicted variable. Regression analysis was performed only for autumn, winter and
spring months (strictly speaking from October to May), because correlations between
WTs and rainfall amounts are much stronger than during summer months and because
absolute amounts of precipitation due to convective processes is relatively lower during10

the selected months.
We select the forward selection criteria to minimize the over fitting of WTs in the

regression, to separate noise from the dominant temporal patterns of variability, and
to remove correlated predictor variables from the subset of predictors chosen for a
given series and month. Thus, the selection processes of WTs are crucial for the re-15

construction, because the model performance largely depends on the input variables
(von Storch and Zwiers, 1999).

In this work, the criterion to select WTs at each step was as follows: at each step k in
the process, we checked if each new potential predictor (WTs) contribution decreased
the Coefficient of Variation (CV). We followed this criterion because it is the most com-20

monly used in cases where there is a large number of explanatory variables and no
underlying theory on which to base the predictor’s selection (Wilks, 2005; Efroymson,
1960). Moreover the CV is unitless allowing values obtained for different stations to be
compared to each other in ways that other measures, such as the root mean squared
residuals or the standard deviations cannot be. Thus we checked all the potential pre-25

dictors in all the steps of the model.
The CV is defined as the ratio between the Root Mean Square Error (Eq. 1) and

the observed mean monthly precipitation Ō, for the selected series s, month m and
regression step k as follows:
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RMSE(s,m,k) =

√√√√√ n∑
i=1

(Pi (s,m,k)−Oi (s,m))2

n
(1)

And the CV (2):

CV(s,m,k) =
RMSE (s,m,k)

Ō(s,m)
(2)

with P and O being two vectors with respectively the predicted and observed monthly
precipitation values for all the n=56 yr of the regression period (1948–2003). The CV5

is a non negative number that tends to 0 when there is perfect agreement between
reconstructions and observations.

The procedure was finished when, for all the new variables introduced in a given step
k, the CV did not decrease of at least 0.01 in comparison to the CV of the previous step
k −1. This threshold was equivalent to improve the root mean square error of 10 mm10

of precipitation in a mean monthly observed precipitation of 1000 mm. The proposed
threshold value was also chosen because at the same time it minimised the numbers
of predictors without significantly decreasing the model performance measured by the
CV scores.

For each step k, the regression coefficients were calculated solving a non-negative15

least-squares problem because each coefficient physically represents the mean rainfall
amount of the correspondent WT that is non-negative by definition. The constant term
was also constrained as non-negative, because it can be interpreted as the rain amount
due to processes which can not be modelled solely by WTs, but whose rain amount for
a given month should be constant from one year to the next (i.e: convective processes).20

Up to a maximum of eight predictors were selected for individual series.
It is important to stress that each regression coefficient represents the mean pre-

dicted total rainfall amount due to its associated WT. Therefore, multiplying each co-
efficient for the mean number of days belonging to the same WT returns the mean
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predicted monthly precipitation due to the chosen WT during period 1948–2003. To
compare series with different total rainfall amounts it is more convenient to analyze the
relative estimated contribution of each WT to mean monthly predicted precipitation, di-
viding the absolute estimated contribution of each WT by the total monthly precipitation
for the mean observed monthly precipitation in the same period.5

At the end of the selection of the best predictor WTs, a small number of them (0.3 %)
were still moderately correlated (r ≈0.4–0.5). Usually, to overcome multicollinearity
problems, “. . . whichever of the two high correlated WTs is picked at a later regression
step is omitted from the final set of predictor variables” (Goodess and Jones, 2002).
However, we did not remove any correlated WTs because correlations were not high10

and because multicollinearity does not reduce the predictive power or the model, i.e.:
it only affects calculations regarding the independent variables and their coefficients.

Model validation was performed by means of a leave-one-out cross-validation (also
known as “Jack-knife”) over the regression period for all 3030 series of monthly pre-
cipitation of IP. We applied this validation method because it is independent from any15

subset of years that might be chosen as a representative subset random sample. In the
Jack-knife procedure, a single monthly observation from the original sample is used as
the validation data, and the remaining observations as the training data. Specifically,
for the period 1948–2003, each monthly year data was sequentially removed and the
remainder (56 yr) used to calibrate the regression model for that month that was then20

used to predict the rainfall for the omitted year.
We used two estimators to measure the model validation: the coefficient of variation

CV (defined by Eqs. 1 and 2), and the Pearson’s Product moment correlation coefficient
r , between the observed and the reconstructed precipitation.
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3 Results

3.1 Model validation

The results of the cross-validation analysis are shown in the following set of Figs. 4 and
5 that focus on different aspects of the evaluation procedure. The area where we found
the highest values of r Pearson are located to the North-West (North of Portugal and5

Spanish border) during December (r >0.9) (Fig. 4). Also high values of r between 0.7
and 0.9 are located to the West and South-West except in April and May when high
values are restricted to the Northern areas of Portugal, and surrounding areas of Spain.
The lowest values are found in the Mediterranean fringe but the area with r <0.5 varies
between months. It is interesting to notice that the Ebro basin to the northeast inland10

of IP usually exhibits moderate values ranging between 0.5–0.7. In general the spatial
diversity of r-values increases in April and May suggesting that precipitation depends
more on local factors during these months.

The obtained spatial pattern of parameter r suggests that the capacity of using re-
gional atmospheric circulation classes to explain the Iberian precipitation regime de-15

creases significantly along an axis predominately oriented between North West and
South East.

The CV scores obtained for the 3030 series reveal a main North-West to South-
East spatial gradient (Fig. 5). The lowest CV values are located along the Atlantic and
northern Cantabric coast to the North-West (a minimum of 0.18 in December at Ponte20

de Lima, north of Porto, Portugal), while the highest values of CV are found on the
Mediterranean coast (a maximum of 1.64 in November at La Pobla del Duc, Valencia).
During May, the areas with the highest values of CV are spread along the southern
coastland areas (Andalucı́a).

Similar results to the r index show the spatial distribution of CV between the ob-25

served and reconstructed precipitation. It is evident from Fig. 5 that CV mirrors the r
spatial distribution. Notwithstanding differences appear at the end of winter and in the
spring months.
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The errors (residuals) are spatially heterogeneous and normally distributed around
the null value (not shown), however the width of the left half of the distribution (when
predictions<observations) is usually twice the width of the right half; this asymmetry
of the residuals is a common feature of regression models that predict precipitation
because observed extreme precipitation values at the right tail of the distribution are5

more difficult to reproduce (Spellman, 2000; Storch and Zwiers, 1999).
Finally, there are no significant differences between observed and predicted mean

monthly rainfall totals (not shown). The worst feature of the predicted series is the sub-
stantial under-prediction of interannual variability in eastern IP, where for each month
the predicted standard deviations are significantly lower (up to ten time smaller) than10

observed for the majority of series (not shown, but similar to Fig. 4).

3.2 Number and type of predictor WTs

The spatial distribution of the number of predictors retained (i.e. WT) for the models are
shown for each month in Fig. 6. A small number of series (5 %) were modelled by one
predictor only; all of them are concentrated over the Mediterranean Coast. Series with15

2 predictors are more widespread (17 %), particularly in March. The most abundant
series are those with 3 predictors (28 %), and they are homogeneously distributed all
over IP. On the other side models requiring either 4 predictors (24 % series) and 5
predictors (15 % series) tend to be clustered in the western and central sectors of IP.
Series with 6 predictors (6 %) are usually not found on the Mediterranean Coast, but20

are numerous in Portugal and Andalusia in south Spain. Series with 7 and 8 predictors
(the 1 % and 0.2 %, respectively) are mostly confined to southern Portugal.

In general terms there is a rough longitudinal spatial gradient in the number of WTs
from West (more) to the East (less) (Fig. 6). Temporally, the mean number of WTs
scores its maximum in October (3.9 WTs mean value), November (3.8 WTs), Decem-25

ber (3.6 WTs) and January (3.5 WTs), while the minimum values correspond to May
(2.7 WTs), March (2.8 WTs) and April (2.9 WTs). Usually series with a high number of
WTs have better correlations and lower CV scores than series with fewer predictors.
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We present in Table 3 the monthly percentage of days that fall in each WT class
(column A) and the percentage estimation of precipitation (in mm) by WTs over the
total observed monthly precipitation (column B). Please note that B columns do not
sum 100 because we did not present the constant term, and because the value of
B columns are calculated dividing the amount (mm) of precipitation predicted by the5

amount (mm) of precipitation observed, and the result can be different to 100 %. The
percentage of relative contribution of each WT to the observed monthly precipitation
varies considerably from serie to serie and from month to month. The global monthly
relative contribution of all WTs can be found in the last row of Table 3. The highest
global values are found in January (79.4 %), the lowest in May (55.4 %). On average,10

the global relative contribute of all 26 WTs to mean monthly rainfall from October to May
is about 66.7 %, and the five wettest WTs contribute to more than half (51.2 %) of total
monthly precipitation, namely the Westerly (20.3 %), Pure Cyclonic (13.2 %), South-
westerly (9.4 %), North-westerly (4.8 %) and Northerly (3.5 %) (see column Weather
types of Table 3).15

The contribution of Westerly (W) weather types rises gradually from October to
March and then decrease monotonically until May when the lowest values are reached;
the same pattern is observed in South-westerly (SW), while the maximum is achieved
in December. On the contrary, the contribution of NW and N WTs shows high monthly
oscillations from October to May. Pure cyclonic (C) type is a special case because it20

drops abruptly to 2.1 % in January, while during all other months it never falls below
10 % and monthly oscillations are quite low.

It is worth noting that on a monthly average, the 8 directional WTs contribute to
40.9 % of global monthly precipitation, the 9 cyclonic WTs contribute to 21.1 %, while
the 9 anticyclone WTs only contribute 4.7 %. On the other hand, the maximum mean25

value relative contribution to total precipitation of directional WTs can be observed in
winter, while for cyclonic WTs this maximum contribution is located in spring or autumn.

As a global resume, in Fig. 7 we present the spatial distribution of relative WTs con-
tribution to monthly precipitation. The mean value of the precipitation contribution by
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the WTs identified by model, irrespectively of their number, suggests some interesting
features at spatial level. In central, western and south-western areas the mean value
contribution of WTs to monthly precipitation is usually over 70 %, and sometimes even
above 90 %. However, in a few restricted areas less than 50 % of monthly precipita-
tion are reproduced by the WTs based models, particularly along the Mediterranean5

coast, and inland areas such as the Ebro Basin in February, April, and May. A second
interesting result can be appreciated in the northern mountainous sector of Iberia; this
area is very humid, but the WTs only reproduce a maximum of 70 % of monthly precip-
itation that could be due to a systematic effect of mountain chain parallel to the coast
enhancing a local forcing.10

The variation of the different WTs spatial distribution and their contribution to monthly
precipitation is high. We present an example for January (Fig. 8) because this is the
month in which the model prediction achieves higher proportion of total precipitation by
WTs (79.4 %).

During January the selected WTs vary greatly from region to region. The W, SW and15

C types are the most spatially distributed of the five wettest WTs (W, SW, C, NW, N,
see Table II) and they contribute to a monthly precipitation over 10 % of monthly totals.
The relevance of their contribution can be seen to extend over all areas except the
northern coast, were the NW and N predictors are predominate with their anticyclonic
counterparts (A.NW and A.N, not shown in Fig. 8). The S type is globally weaker but20

strongly affects Mediterranean coastland (Fig. 8).
Pure Cyclonic (C) is the wettest of the cyclonic types (Fig. 8). It has a strong influ-

ence (>30 %) on precipitation in the North East (Ebro Valley and Catalonia) and south-
ern coastland of Andalucı́a); it also contribute to a lesser extent (between 10–30 %)
in extended areas of inland IP, but it does not contribute to the North West (Galicia),25

Northern coastland and to the South East (Fig. 8). The other cyclonic WTs contribute
with a very low proportion of monthly precipitation, do not show any clear spatial pat-
tern, or have a small influence on a limited area.
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The majority of the anticyclonic types were rarely selected as predictor WTs; only
anticyclonic A.NW and A.N types have a moderate contribution along the northern
coast, while anticyclonic A.SW contributes scarcely to rainfall in Galicia and Andalusia
(S Spain).

4 An example of reconstruction of long term monthly precipitation in the IP5

The regression model has been applied to three very long monthly precipitation series
of IP, specifically Lisbon, Madrid and Valencia, showing a strong West-East latitudinal
gradient from oceanic (Lisbon), to continental (Madrid) to Mediterranean coast (Valen-
cia) conditions. Then we would expect a good agreement at Lisbon and Madrid and
to a lesser extent in Valencia accordingly the previous results of validation period (see10

Figs. 4 and 5). The precipitation regime at Lisbon has a maximum during the win-
ter months. In Madrid the precipitation regime is dominated by a symmetric bimodal
spring-autumn, while in Valencia, the bimodal rainfall regime exhibits a maximum dur-
ing autumn.

In Table 4, we show the CV scores calculated for the independent validation pe-15

riod 1864–1947 and confronted with CV scores for the reference period 1948–2003.
The difference between the reference CV and the CV achieved during 1864–1947 was
divided by the reference CV, in order to compute the relative change in CV (as a per-
centage of the CV over the reference period).

Considering only the reference period 1948–2003, it is evident that the CV score20

really improves from east to west, ranging from 1.08 for Valencia in October, up to
a minimum of 0.37 for Lisbon in December. As expected the CV scores obtained for
the independent Validation period (1864–1947) are up to 75 % higher (worse) than CV
scores for period 1948–2003. CVs only diminish in Valencia during October, January
and April, but this is not really an improvement, because CV scores were already very25

high (>0.80), and the new CVs never fall below 0.70.
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In order to compare observed and modelled values we show (Fig. 9) the predicted
and observed January values during the whole period (1864–2003) at Lisbon, Madrid
and Valencia stations. Lisbon station shows a good agreement even during the first
period 1864–1947. Madrid station shows a good agreement during 1948–2003, how-
ever during 1864–1947 the CV scores raise up to 91 % higher. Valencia station always5

shows the highest value in CV, even during calibration period 1948–2003, so the model
is not able to reconstruct the rainfall in this area as is capable for inland and western
IP, as already discussed in Sect. 3.1. Finally, the three stations show a general overes-
timation of predicted precipitation during the 19th century.

5 River flow modeling10

Weather Type classifications have been used for different purposes in the context of
hydrological research, particularly their relation with precipitation, drought and river
discharge (including floods). Hanggi et al. (2011) analysed changes in number of days
at seasonal and annual scales of the Alpine Weather Types in Switzerland, and they
found that changes in WTs are important to explain the observed changes in precipi-15

tation amounts. However, none of the analysed WT classes could be identified as the
key factor controlling precipitation variability, moreover, the driving forces behind the
observed changes in the WTs still remain unclear. In Portugal Andrade et al. (2011)
studied the relationship between the prevalent weather types conditions during the ex-
tremely wet winter of 2009–2010 and some hydrological impacts. The authors provide20

a comparison with previous wet winters and concluded that not only Wts related to
the North Atlantic Oscillation pattern explained the positive anomalies of that winter.
Another set of papers related WTs with drought: Fowler and Kilsby (2002) analysed
in Britain the period 1881 to 1998, and confirmed the need for the reassessment of
return period estimates for contemporary drought events. Fleig et al. (2011) related se-25

vere hydrological droughts and WTs as a starting point to improve the understanding
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of hydroclimatological processes involved in the development of regional hydrological
drought in north-western Europe.

Obviously many previous works deal (with or without WTs) with relationship between
precipitation and river discharge (see Wilby et al., 2011; Troy et., 2012, as a recent ex-
ample). Finally, several researchers focussed on WT relationship and river discharge.5

Auffray et al. (2011) reconstructed the hydrometeorological scenario that has lead to
the 1859 historical flood of the Isere river while Fowler et al. (2000) analysed the rela-
tionship between WT and water resources by means of precipitation series generated
from WTs. Kilsby et al. (2007) presented a weather generator for analyzed climate-
hydrological impact and their scenarios, and recently Pappenberger et al. (2011) ana-10

lyzed the European Flood Alert System based on European Centre for Medium Range
Weather Forecasts over a period of 10 yr.

The methodology developed in the present paper has been applied to the hydrolog-
ical response of three of the main international rivers of IP (Duero, Tagus, and Guadi-
ana) all of them draining from east to west. The rational for these links between is that15

the large river basins act as spatial and temporal integrator of climatic variables that
control river flow amounts, i.e. precipitation (rain and snow), temperature, and related
evapotranspiration (Trigo et al., 2004; Gámis-Fortiz et al., 2010). Model performance
was evaluated using the Coefficient of Variation defined in Eq. (2) replacing monthly
rainfall amount with monthly river discharge, and using the Skill Score (SS). The SS20

is a measure of the relative accuracy of a model with respect to a standard reference
model (Murphy, 1988); it is equivalent to the percentage improvement over a reference
or benchmark model (Wilks, 2005). A SS based on the Root Mean Square Error was
used in this paper with the climatology (RMSECLIM) of the river discharge as a refer-
ence, following Eq. (3):25

SSCLIM(RMSE) =
RMSE−RMSECLIM

0−RMSECLIM
(3)

The SSCLIM is positive if the RMSE of the model is lower than the RMSE of the refer-
ence model, and negative otherwise.
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As an example we show the interannual variability of both observed and mod-
elled January river flow between 1956–2003 and relative to all three rivers consid-
ered (Fig. 10). It is immediately noticeable the relatively good capacity of these simple
models to reproduce the main characteristics of the observed river flow variability, with
all three rivers presenting significant correlation coefficients; Duero (r =0.59), Tagus5

(r =0.69), Guadiana (r =0.61). Nevertheless, as stressed previously, one should be
careful to consider the overall quality of models based on correlation coefficients alone.
Thus we now focus on the overall quality of models based in terms of obtained CV
scores (Table 5), showing that the Duero is the river with the lowest mean monthly
CV (0.52), while Tagus and Guadiana discharges are more difficult to reproduce10

(mean CV=0.93 and 1.08, respectively). Better model performance was achieved from
November to March for all the three basins. In the Duero basin the monthly discharge
with highest prediction is achieved during February, being the contribution of different
WTs types dominated by W (48 %). In the Guadiana catchment the highest contribu-
tion of WTs is achieved in February under W (90 %), while in the Tagus catchment the15

maximum monthly contribution is achieved in November under W (66 %). The results
show that the WTs affect differently both at spatial and temporal scales.

The SSCLIM shows that the WTs improve the reference model persistence-driven
for all three river discharges from September to July except December in the Duero
and Tagus river, while in the Guadiana the results are more variable at monthly level20

(Table 6). The maximum SSCLIM is +27 % for Tagus discharge, during January and
February. In Duero basin the maximum improvement (+18 %) is achieved in January
and March and in Guadiana basin in February (+25 %). Human control by dam man-
agement can be one of the main reasons for different basin response, namely by intro-
ducing delays between the atmospheric circulation and river flow discharges. Further25

analyses, in progress, at monthly level for all the different main catchment of the IP
would be able to produce important results to be considered in water planning at na-
tional and supranational level.
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6 Discussion and conclusions

The circulation weather type classification devised by Trigo and DaCamara (2000)
has been successfully applied to reconstruct and validate monthly precipitation for the
56 yr of the period 1948–2003 at 3030 Iberian site locations by means of a leave-one-
out cross-validation method applied to a non-negative least-square linear regression5

model. The results indicate that the use of circulation weather types in a forward re-
gression method is a useful framework for the analysis of mean monthly rainfall on the
Iberian Peninsula, with a mean monthly global CV always below 0.6 and the possibility
to improve the model further eliminating the systematic errors.

The results of the regression model show agreement with previous studies (Goodess10

et al., 2002; Spellman, 2000; Trigo and DaCamara, 2000), although these use coarser
resolution SLP data and lower density precipitation data. As expected, the most ac-
curate predictions are achieved in western locations of IP and there is a progressive
decrease in accuracy to the east, where spatial variability of rainfall is very high and
cannot be captured by the model, partially because precipitation events there are not15

well related with synoptic scale atmospheric circulation. This means that even in non-
summer seasons, modelling outcomes along the Mediterranean coast are obtained
with less confidence. Unfortunately this is an area where accurate impact scenarios
are of most value due to the growing mismatch between water resource supply and
demand, and where human and economic activities are concentrated.20

In general terms, the models achieve the best results where precipitation is more
regular and more abundant (western areas), and has less accuracy on the contrary
(Mediterranean coast). In this context, the temporal precipitation variability that char-
acterizes the eastern Mediterranean fringe of IP is due to a very low number of WTs.
In this regard, past (and future) changes of monthly frequency of just 1 or 2 WTs25

classes are bound to have a significant impact in precipitation totals. On the other
hand, the precipitation variability observed in western sectors of IP appears to be re-
lated with a larger number of WTs, thus ensuring that the precipitation in this area is
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less susceptible to changes in frequency of occurrence of just 1 or 2 classes. As a
consequence, temporal changes in WTs responsible of precipitation affecting Mediter-
ranean coast would have more dramatic effects than single changes in WTs affecting
to the west.

In addition, the regression model had been applied to three very long monthly pre-5

cipitation series of Iberia Peninsula, specifically Lisbon, Madrid and Valencia for the
1864–1947, showing a strong West-East latitudinal gradient from oceanic (Lisbon), to
continental (Madrid) to Mediterranean coast (Valencia) conditions with Lisbon having
the better CVs scores and Valencia the worst CVs scores. It was shown therefore, that
the use of WTs can be of added value when reconstructing precipitation time series.10

We foresee the use of these models in follow-up work in order to obtain monthly pre-
cipitation fields at very high resolution (500 locations for the whole IP) since the 1850s
with reasonable accuracy.
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Table 1. The 26 classes of WTs with eight directional types, 16 hybrid types (cyclonic and
anticyclonic) and two types controlled by geostrophic vorticity (A and C).

Directional Anticyclonic Cyclonic
types types types

NE ANE CNE
E AE CE
SE ASE CSE
S AS CSE
SW ASW CSW
W AW CW
NW ANW CNW
N AN CN

A C
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Table 2. Main characteristics of the three river basins considered. Average and standard devi-
ation values correspond to annual river flow and were obtained using the full available period.
Storage volumes for Portugal and Spain were obtained for the period 1956–2003 used in this
study.

River Total basin area Basin area Average Std. dev.
(gauging station) (1000 km2) upstream gauging Period 1000×hm3 1000×hm3

station (1000 km2)

Douro (Pocinho) 98.4 83.0 1956–2003 13.82 5.23
Tejo (Fratel) 80.1 59.0 1956–2003 9.29 5.51
Guadiana 66.9 60.9 1956–2003 3.86 3.56
(Pulo do Lobo)
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Table 3. Percentage of estimated relative contribute to total monthly precipitation due to each
of the 26 weather types.

WT Weather Type (full name) Oct Nov Dec Jan Feb Mar Apr May Mean

NE Directional Northesterly 1.1 1.2 0.4 0.0 0.6 1.4 1.1 0.6 0.8
E Directional Esterly 1.7 0.2 0.0 0.5 0.6 1.0 0.2 0.7 0.6
SE Directional Southesterly 0.4 1.3 0.3 1.0 0.3 0.2 0.2 0.0 0.5
S Directional South 0.0 0.2 0.1 1.2 5.1 0.2 0.2 0.1 0.9
SW Directional Southwesterly 7.2 7.5 16.3 15.0 13.4 7.6 4.6 3.7 9.4
W Directional Westerly 17.1 18.2 20.3 26.7 26.9 29.0 12.8 11.7 20.3
NW Directional Northwesterly 1.2 11.3 5.9 8.2 1.8 1.0 3.9 5.2 4.8
N Directional Northerly 3.5 1.6 1.4 3.6 2.7 6.6 1.7 7.1 3.5

Sum of directional WTs 32.2 41.5 44.7 56.2 51.4 47.0 24.7 29.1 40.9

C Pure Cyclonic 10.0 11.6 10.3 17.3 2.1 13.8 22.7 17.6 13.2
C.NE Cyclonic Northesterly 0.8 2.5 2.4 0.4 0.5 0.5 0.5 0.3 1.0
C.E Cyclonic Esterly 3.4 0.5 1.0 0.1 0.5 0.8 0.1 0.8 0.9
C.SE Cyclonic Southesterly 3.4 5.6 2.4 1.0 3.8 1.4 0.8 0.2 2.3
C.S Cyclonic South 6.2 1.8 0.5 1.0 0.8 0.4 0.0 0.5 1.4
C.SW Cyclonic Southwesterly 1.2 0.1 1.3 0.0 1.4 0.0 1.1 1.3 0.8
C.W Cyclonic Westerly 0.5 0.2 0.4 0.0 2.2 0.2 0.0 0.3 0.5
C.NW Cyclonic Northwesterly 0.2 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.1
C.N Cyclonic Northerly 1.7 0.2 1.6 0.0 0.1 1.1 4.0 2.8 1.4

Sum of cyclonic types 27.4 22.5 19.9 19.8 11.4 18.5 29.2 23.8 21.6

A Pure Anticyclonic 0.8 2.5 2.4 0.4 0.5 0.5 0.5 0.3 1.0
A.NE Anticyclonic Northesterly 0.9 0.1 0.0 0.0 0.1 0.0 0.1 1.5 0.3
A.E Anticyclonic Esterly 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.1
A.SE Anticyclonic Southesterly 0.1 0.1 0.2 0.0 0.0 0.0 0.5 0.1 0.1
A.S Anticyclonic South 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.4 0.1
A.SW Anticyclonic Southwesterly 0.0 0.1 0.2 0.9 0.5 0.1 0.0 0.0 0.2
A.W Anticyclonic Westerly 0.5 0.9 0.5 0.4 0.3 2.5 1.9 0.1 0.9
A.NW Anticyclonic Northwesterly 2.0 1.0 2.0 2.0 1.0 0.0 1.0 0.0 1.1
A.N Anticyclonic Northerly 0.0 1.0 1.0 0.0 0.0 0.0 1.0 0.0 0.4

Sum of antycyclonic cypes 4.4 5.7 6.4 3.7 2.7 3.1 5.3 2.6 4.2

Sum of all Weather Types 64.8 71.1 69 79.4 65.1 68.2 60.1 55.4 66.7
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Table 4. Coefficient of variation for Lisbon, Madrid and Valencia stations (see Fig. 1) measured
for two different validation periods: 1948–2003 (same as calibration period) and 1864–1947.
The percentage difference between the two validation periods appears in the third line of each
station.

Lisbon Oct Nov Dec Jan Feb Mar Apr May

1948–2003 0.57 0.47 0.37 0.38 0.47 0.45 0.47 0.57
1864–1947 0.60 0.59 0.49 0.48 0.51 0.57 0.64 0.80
∆ in % 5 % 23 % 31 % 28 % 8 % 26 % 36 % 40 %

Madrid Oct Nov Dec Jan Feb Mar Apr May

1948–2003 0.56 0.56 0.50 0.54 0.49 0.45 0.51 0.52
1864–1947 0.69 0.58 0.56 0.76 0.62 0.86 0.72 0.53
∆ in % 23 % 4 % 13 % 40 % 26 % 91 % 40 % 1 %

Valencia Oct Nov Dec Jan Feb Mar Apr May

1948–2003 1.08 1.02 0.75 0.97 0.99 0.85 0.81 0.78
1864–1947 0.74 1.78 0.88 0.95 1.24 1.17 0.80 0.95
∆ in % −31 % 75 % 18 % −2 % 25 % 37 % −1 % 22 %
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Table 5. Coefficient of variation for Duero, Tagus and Guadiana (see Fig. 1) monthly river
discharge from 1956 to 2003.

River Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

Duero 0.68 0.75 0.58 0.55 0.39 0.34 0.45 0.42 0.36 0.30 0.62 0.76 0.52
Tagus 0.77 0.71 0.74 1.02 0.82 1.07 1.08 0.92 1.16 0.96 0.89 1.03 0.93
Guadiana 1.14 1.00 1.25 1.51 0.91 0.98 0.95 0.78 0.74 1.10 1.38 1.26 1.08
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Table 6. Skill Score SSCLIM (RMSE) for Duero, Tagus and Guadiana (see Fig. 1) monthly river
discharge from 1956 to 2003.

River Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

Duero 18 12 18 −2 6 13 0 −2 −1 7 5 −3 6.0
Tagus 27 27 24 −6 2 −5 −6 −7 −2 10 19 7 7.6
Guadiana 20 25 10 −4 5 2 −1 −2 8 −1 10 17 7.4
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Figure_1. Location of the 3030 monthly Iberian rainfall series (upper) and Duero, 

Tagus  and Guadiana (lower)  river. 

 

 

 

  

Fig. 1. Location of the 3030 monthly Iberian rainfall series.
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Figure_2. Location of the 14 grid points used to compute the vorticity and flow indices. 
Fig. 2. Location of the 16 grid points used to compute the vorticity and flow indices.
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Figure_3a. Composite map of the SLP fields for the eight directional weather types (NW, N, 
NE, E, SE, S, SW, W) and of the two vorticity weather types (C and A).

Fig. 3a. Composite map of the SLP fields for the eight directional weather types (NW, N, NE,
E, SE, S, SW, W) and two vorticity weather types (C and A). Hybrid types are not shown.
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Figure_3b. Composite map of the SLP fields for the eight directional weather types (NW, N, 
NE, E, SE, S, SW, W) and of the two vorticity weather types (C and A).

Fig. 3b. Continued.
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Figure 4. Pearson correlation coefficient between predicted and observed precipitation 

for each month from October to May.  

Fig. 4. Pearson correlation coefficient between predicted and observed precipitation for each
month from October to May.
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Figure 5. Coeficient of Variation of predicted precipitation for each month from 

October to May. Lower CV values are better. 

Fig. 5. Coefficient of Variation of predicted precipitation for each month from October to May.
Lower CV represent better agreement between reconstruction and observations
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Figure 6. Spatial and temporal distribution of the number of predictor WTs of the 

regression model for each month from October to March.. Fig. 6. Spatial and temporal distribution of the number of predictor WTs of the regression model
for each month from October to May.
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Figure 7. Spatial distribution of the relative contribution of all WTs to monthly precipitation.   

Fig. 7. Spatial distribution of the relative contribution of all WTs to monthly precipitation.
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Figure 8. Spatial distribution of the relative contribution to total January precipitation 

for NW, N, W, C, SW and S WTs. 

 

 

 

 

 

 

Fig. 8. Spatial distribution of the relative contribution to total January precipitation for NW, N,
W, C, SW and S WTs.
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Figure 9. January observed monthly precipitation (black line) and predicted precipitation (colored line) for the three long term stations of 

Valencia, Madrid and Lisbon. 

 

 

 

Fig. 9. January observed monthly precipitation (black line) and predicted precipitation (colored
line) for the three long term stations of Valencia, Madrid and Lisbon.
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Figure 10. January observed (black line) and predicted (red line) river flow for the Iberian rivers Duero, Tagus, and Guadiana. 

 Fig. 10. January observed (black line) and predicted (red line) river flow for the Iberian rivers
Duero, Tagus, and Guadiana.
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