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a b s t r a c t
One of the main problems of ﬂood hazard assessment in ungauged or poorly gauged basins is the lack of runoff data. In an attempt to overcome this problem we have combined archival records, dendrogeomorphic
time series and instrumental data (daily rainfall and discharge) from four ungauged and poorly gauged
mountain basins in Central Spain with the aim of reconstructing and compiling information on 41 ﬂash
ﬂood events since the end of the 19th century. Estimation of historical discharge and the incorporation
of uncertainty for the at-site and regional ﬂood frequency analysis were performed with an empirical rainfall–
runoff assessment as well as stochastic and Bayesian Markov Chain Monte Carlo (MCMC) approaches. Results
for each of the ungauged basins include ﬂood frequency, severity, seasonality and triggers (synoptic
meteorological situations). The reconstructed data series clearly demonstrates how uncertainty can be
reduced by including historical information, but also points to the considerable inﬂuence of different
approaches on quantile estimation. This uncertainty should be taken into account when these data are
used for ﬂood risk management.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The evaluation of ﬂoods occurring in small mountain basins
requires an accurate deﬁnition of the spatial and temporal distribution
of rainfall and discharge, for which an extensive network of precipitation and streamﬂow gauging stations is needed. However, this type of
network is rarely available in mountain areas in general and in Spain
in particular (Rico et al., 2001). Hence, much of the instrumental data
available is from too short a period to yield reliable and representative
information, thus adding considerable uncertainty to the determination of large return periods of catastrophic events (Brázdil et al.,
2006). In more general terms, the consequent lack of data largely
hampers the analysis of ﬂood magnitude and frequency and calls for
the application of alternative or complementary approaches.
Documentary records (such as systematic records by the government, ecclesiastical archives or newspaper reports) have been considered as an alternative source of data with respect to historical ﬂoods
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(Barriendos and Coeur, 2004; Benito et al., 2004). Eyewitness reports
on ﬂoods in ungauged basins have also been used in the past and constitute yet another source of information in historical hydrology and
palaeohydrology (Benito et al., 2003a, 2003b; Brázdil et al., 2006;
Thorndycraft et al., 2006). The transformation of these qualitative
data into numerical values is standard practise in studies on
historical climatology or palaeohydrology (Barriendos and Coeur,
2004; Brázdil et al., 2005, 2010; Martín-Vide and Barriendos,
1995).
The most accurate source of palaeoﬂoods is the identiﬁcation of
palaeostage evidence, such as ﬂood sediments, erosional landforms,
driftwood or damage to vegetation (Benito and Thorndycraft, 2005).
As mountain rivers are normally characterised by high stream
power and high sediment transport rates (Johnson and Warburton,
2002), resulting in a highly variable and changing morphology,
ﬂood sediments may not necessarily be either deposited or preserved.
At the same time, however, mountain basins are often forested and
the coarse-grained sediment and/or woody debris transported by
ﬂoods may cause damages to trees. This damage will typically cause
speciﬁc growth reactions in trees (i.e., dendrogeomorphology;
Alestalo, 1971; Stoffel and Wilford, 2012), thus enabling past (ﬂash)
ﬂoods to be dated (Yanosky and Jarrett, 2002). The potential of
dendrogeomorphic reconstructions of past events in ungauged basins
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and the value of this data for ﬂash ﬂood research have been demonstrated
in various studies over the past few years (Ballesteros et al., 2010a, 2010b;
Ballesteros Cánovas et al., 2011a, 2011b; Díez-Herrero et al., in press;
Ruiz-Villanueva et al., 2010). In addition to yielding information on
the frequency or spatial extent of past events, information conserved
in tree-ring records also enables the reconstruction of events with at
least annual and sometimes even seasonal precision (Stoffel and
Bollschweiler, 2008), and may, moreover, provide information regarding river dynamics (Arbellay et al., 2012).
Based on the above considerations, this study takes into account
non-instrumental data sources (tree-ring records and documents)
in order to improve at-site and regional FFA in ungauged and poorly
gauged mountain basins in Central Spain (Sierra de Gredos), where
the lack of instrumental data (ﬂow data) prevents the use of traditional methods for the characterisation of ﬂash ﬂoods. In particular,
the paper aims to (i) reconstruct the most complete catalogue of
past ﬂash ﬂoods in the study area, (ii) analyse their frequency, severity, seasonality and synoptic meteorological causes, as well as the
human impacts in terms of damage to infrastructures and fatalities,
and, in addition, (iii) address the estimation of historical peak discharge, taking into account uncertainties regarding antecedent conditions and land-use changes so that the results of this study can be
incorporated into ﬂood risk management.
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2. Study region
The basins analysed in this study are located in the eastern Sierra
de Gredos massif (Province of Avila) of the Spanish Central System
and belong to the basin of the River Tiétar, a tributary of the River
Tagus (Fig. 1). Geology in the region is mainly composed of granites
(Upper Palaeozoic granitoids) covered by a sandy weathering mantle.
The climate of the study area is Continental Mediterranean,
characterised by frequent precipitation in autumn, winter and spring
stemming from Atlantic depressions from the SW, and by very dry
summers (only 10% of annual precipitation) associated with the presence of the Azores anticyclone. Annual precipitation in the Pelayo
basin (800 m asl) is 1913 mm.
Vegetation is abundant in the area and is dominated by Pinus pinaster
Ait. at the headwaters and deciduous forests (Quercus pyrenaica Wahl.
and Quercus ilex L.) in the lower parts of the study region. European
alder (Alnus glutinosa L.) and narrow-leaved ash (Fraxinus angustifolia
Vhal.) predominate in the river corridors. Tree clearance has been practised in the study areas in the past and is still being practised today.
This study focuses on two ungauged basins (those of the River
Arenal at Arenas de San Pedro and the River Pelayo) and two poorly
gauged basins (the Arenal downstream from Arenas de San Pedro
and the River Santa Maria) in the Spanish Central System. The Pelayo

Fig. 1. Location of the four basins analysed: The basins of the Santa María River at Candeleda, the Pelayo at Guisando and the Arenal at Arenas de San Pedro are shown by grey dotted
lines and the Arenal River basin at the AHIS station in grey stripes.
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Table 1
Main morphometric characteristics of the four basins analysed in this study. Note the
existence of an automatic hydrological information system (AHIS) station for the
Arenal River and of a stream gauge at Santa Maria River (located in Fig. 1).

Drainage area
(km2)
River length (km)
Altitudinal range
(m asl)
Average stream
slope (m m−1)
Time of
concentration (h)

Pelayo
River

Arenal River at
Arenas de San Pedro

Arenal River at
AHIS station

Santa
Maria River

11.5

67

119

62

5
1460

12.5
1800

21
1941

11
2017

0.29

0.14

0.09

0.18

1.28

2.95

4.77

2.56

is a tributary of the Arenal; it ﬂows through the village of Guisando
(765 inhabitants) and two camp sites. The Arenal is a tributary of
the Tiétar and ﬂows through the small town of Arenas de San Pedro
(~ 6900 inhabitants). A stream gauge (automatic hydrological information system [AHIS] station) was installed downstream from the
town in 2001 (119 km2 drainage area). In the neighbouring Santa
Maria River basin lies the village of Candeleda (~ 5145 inhabitants),
where a stream gauge has existed since 1973. The main characteristics of these basins are summarised in Table 1.
Although at least 18 people have been killed by ﬂoods in the study
area and vicinity over the past 70 years, there is still an absence of studies on ﬂood frequency and ﬂood risk management plans for the area.
3. Data acquisition and methods
For the purpose of this study, different approaches were combined
and data integrated in order to obtain a detailed characterisation of
ﬂash ﬂoods in the study area (Fig. 2).
3.1. Historical documentation
Written documentary sources (e.g., municipal archives, newspapers,
civil protection documents and scientiﬁc papers) were systematically
screened to obtain (in-)direct information on the impact that past

precipitation and ﬂood events have had on people, goods and services.
Qualitative data gathered from these sources were transformed into
numerical indices (Barriendos and Coeur, 2004; Bullón, 2011) to derive
data on the type, intensity, duration and date of past events.
3.2. Tree-ring analysis
Tree-ring records of 114 P. pinaster trees (269 samples) were analysed
along a 2.5 km stretch of the River Pelayo upstream of the village of
Guisando in order to detect growth disturbances (GD) induced by ﬂash
ﬂoods. Following the protocol suggested by Ruiz-Villanueva et al.
(2010), the dating of ﬂash ﬂood events in the River Pelayo was based
on: (i) the nature of GD observed in the tree-ring series (i.e., abrupt
growth suppression or release, compression wood, eccentric growth, callus tissue, and injuries), (ii) the intensity of the GD signal in the tree-ring
record; (iii) the overall number of trees affected by an event; and (iv) the
spatial distribution of affected trees along the stream.
Riparian trees (A. glutinosa and F. angustifolia) were analysed over
a distance of 3 km along the reach of the Arenal River that ﬂows
through the town of Arenas de San Pedro. As a result of a clean-up
(logging) of the channel by the Water Authority in 2008, 84
cross-sections could be analysed on stumps, thus allowing convenient
dating of visible (external) and internal wounds. At the same time,
the absence of entire stems prevented an assessment of scar heights
and presumably the detection of scars inﬂicted at higher positions
on the stem. As is usual in dendrogeomorphic studies (Stoffel and
Bollschweiler, 2008; 2009), additional information was obtained for
each tree sampled, namely its geomorphic position, tree coordinates
and a description of external disturbances. In the case of the Arenal,
the dating of past ﬂood events was accepted if at least two scars
were identiﬁed in different trees for the same year.
3.3. Instrumental data
The rain gauge network of Central Spain is sparse and unevenly
distributed, covering mainly valleys and lowland areas, while mountainous regions have been left behind with very limited data
(Buytaert et al., 2006). In addition, the provision of daily data, mainly
from hydrometeorological networks in the area, started at best in the

Fig. 2. Methodological ﬂowchart of the study.
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Fig. 3. Regional ﬂood event chronology based on documentary sources and tree ring data from the Pelayo and Arenal rivers.

early twentieth century. Time series usually date only from the 1950s
or even later, and the situation in the early 21st century is that many
stations have been removed, relocated or have ceased to operate.
This study centres on four rain gauges located in the area (Fig. 1)
that provide daily data for the time window covered by documentary
and tree-ring sources. In addition, an AHIS station has been operating
since 2001, providing subdaily meteorological parameters (ﬂow discharge, rainfall and temperature).
In Spain, the network of ﬂow gauges is very much centred on large
river basins, and the few existing records from smaller mountain catchments are usually short and have only existed since 1973 in the studied
area.
3.4. Estimation of peak discharge
Unlike the study by Ballesteros Cánovas et al. (2011a, 2011b),
where a large number of scars in injured trees could be used to

reconstruct peak discharge, ﬂood magnitude in the present case was
derived from daily rainfall records.
Daily precipitation data was ﬁrst transformed into mean areal
precipitation for each of the four basins, using inverse distance interpolation (Chow et al., 1988). Precipitation analysis for the period
prior to 1950 was approached in a different way. Since only one station was available for the studied area in the early 20th century, the
linear regression between this station and the others was tested for
the common period and then extrapolated for previous events.
We used the intensity–duration–frequency equation that exists for
Spain (Salas and Fernandez, 2007; Temez, 1991) to derive the maximum average intensity for the duration interval equal to the concentration time from daily precipitation. Thus, an empirical rainfall–runoff
assessment (rational method) was applied to estimate peak discharge.
To obtain the volume of rainfall leading to surface runoff, the runoff
coefﬁcient C is needed (0 ≤ C ≤ 1). The runoff coefﬁcient is a key concept in hydrology and an important diagnostic variable for catchment

Table 2
Discharge estimates (mean and standard deviation) for the four study sites (units are in m3 s−1).
Date

1936
1954
1956
1958
1963
1966
1969
1973
1976
1982
1984
1989
1995
1996
1997
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Arenal R. at AHIS

Arenal R. at AHIS

Mean

Arenal R.
STDEV

Pelayo R.
Mean

STDEV

Mean

STDEV

Q reduced

Error

Mean

Santa María R.
STDEV

400
147
69
255
343
213
259
255
232
167
179
230
255
213
340
296
362
166
137
173
153
331
237
139
112
143

118
40
19
74
102
65
81
77
73
49
56
62
72
60
98
85
97
47
41
51
47
89
69
39
33
40

109
36
16
58
100
63
88
75
73
50
53
58
62
55
94
83
67
37
50
54
49
101
67
44
29
39

31
10
5
16
29
19
24
23
23
14
14
17
18
16
27
24
20
11
14
16
13
28
18
14
9
11

509
153
76
307
435
252
325
313
303
204
216
288
314
261
413
376
333
207
176
211
190
425
313
167
138
186

145
44
21
93
123
75
97
90
84
57
64
74
90
77
113
108
93
57
50
59
54
114
90
44
40
51

364
109
55
214
312
177
228
223
219
147
152
214
224
184
300
268
240
150
126
152
136
311
223
123
98
135

149
45
23
88
128
73
93
91
90
60
62
88
92
75
123
110
98
62
52
62
56
128
91
50
40
55

509
67
53

147
19
15

147
116
184
119
106
155

43
32
57
34
28
44

74
69
128
389
161
112

21
19
37
107
47
33
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Fig. 4. Fitted GEV distributions: (A) using the instrumental records at the Candeleda station since 1973; (B) using instrumental records and 1936 estimates including uncertainty
(length of historical period h = 70, perception threshold X0 = 300).

Table 3
Estimation of discharge quantiles' maximum likelihood Q (ML) corresponding to return periods T = 10, 50, 100 and 500 years. CI0.05 (CI0.95) is the 5% (95%) conﬁdence
limit of the estimates Q (ML), ΔCI = CI0.95 − CI0.05.
T (years)

MCMC settings

Q (ML)

ΔCI

ΔCI / QML

10

Only instrumental records
Instrumental + 1936 estimates
1936 as instrumental
Only instrumental records
Instrumental + 1936 estimates
1936 as instrumental
Only instrumental records
Instrumental + 1936 estimates
1936 as instrumental
Only instrumental records
Instrumental + 1936 estimates
1936 as instrumental

223
211
264
330
312
462
377
355
567
487
456
876

166
73
283
540
155
1180
820
223
2027
1962
452
6596

0.75
0.35
1.07
1.63
0.50
2.55
2.18
0.63
3.57
4.03
0.99
7.52

50

100

500

response (Marchi et al., 2010). This parameter depends mainly on
hydrologic antecedent conditions, land use and soil cover. Since these
conditions may not be known in detail for past events, this parameter
has been treated as a stochastic variable (using the Monte Carlo
method), and the other parameters involved in the rational method
(i.e., maximum average intensity, uniformity coefﬁcient and basin
area) as deterministic. C was declared a variable with a known uniform
distribution over an interval (a, b), where a is the lower bound equal to
0.2, and b is the upper bound equal to 0.6. Selection of these boundaries

was based on the values proposed by Marchi et al. (2010), who deﬁned a
range of 0.23–0.56 for extreme ﬂash ﬂoods in the Mediterranean region.
The 500 Monte Carlo simulations gave results in the form of
normalised and cumulative histograms showing the stochastic tendencies of a dataset. A goodness of ﬁt table was then displayed with
various probability distributions and the best estimates for their
parameters, along with different goodness of ﬁt tests, such as the
Kolmogorov–Smirnov test. Final estimated discharges are shown in
terms of mean and standard deviation for each simulated event.
The procedure described above was then validated using the
records from the stream gauge located in Candeleda and from the
Arenal AHIS (for the time period between 2001 and 2008) so as to analyse the accuracy of the approach and the assumed error.
3.5. Incorporation of uncertainties in ﬂood frequency analysis
The ﬂood frequency analysis was applied to three cases with different
quantities and types of data: (i) at-site frequency analysis for Candeleda,
combining historical information from 1936 and instrumental data series
since 1973; (ii) at-site frequency analysis for the Arenal AHIS station,
using the short instrumental data series (2001–2011) and longer historical estimates; and (iii) a regional ﬂood frequency analysis (RFFA) using
all available ﬂow data from the stream gauges located in the nearby
mountains and based on the ﬂood-index method.
For the FFA, a Bayesian Markov Chain Monte Carlo (MCMC) procedure (Reis and Stedinger, 2005) was used, as it can handle information

Fig. 5. Fitted GEV distributions based on instrumental data at the River Arenal AHIS station, including (A) the four largest historical events (i.e. the highest magnitude from all estimates) with uncertainty, instrumental records, and (B) all estimates with uncertainty based on historical records.

V. Ruiz-Villanueva et al. / Catena 110 (2013) 32–43

from historical and instrumental observations in a straightforward way
through adequately deﬁned likelihood functions and, more importantly,
can account for uncertainties in hydrologic extremes as it provides estimates of conﬁdence bounds for the estimated quantiles (Gaál et al.,
2010). We used a code based on the nsRFA package (non-supervised Regional Frequency Analysis) of the R statistical software (Viglione, 2009)
speciﬁcally developed for FFA. An in-depth description of the method
and the ﬁtting procedure can be found in Gaál et al. (2010) and Gaume
et al. (2010).
As with the RFFA of Hosking and Wallis (1997), the focus of this analysis was on ﬂood peak and the approach used was the index-ﬂood method of Dalrymple (1960). To carry this out we selected eight stations
located in the mountains close to the studied basins. We then applied
the assumption of the index-ﬂood method expressed by the equation:
ðjÞ

ðjÞ

Q i ¼ μ i  q ; i ¼ 1; …; M

ð1Þ

where i denotes a given site, M is the total number of sites in the homogeneous region, Qi(j) is the jth quantile at the ith site, q(j) is the regional
dimensionless (i.e., reduced) jth quantile (i.e., the regional growth
curve) and μi is the at-site scale factor (i.e., the index ﬂood) that does
not depend on j (simple scaling assumption).
To include the estimated discharges from the ungauged studied
basins in the RFFA, the index ﬂood has to be related to climatic and/
or physiographic watershed characteristics. One of the common
models generally used is based on a power law relationship with a
single characteristic, which is the catchment area (Gaume et al.,
2010). We therefore used this method, although it is possible to use
more complex index ﬂood relations.
In the present case, the deﬁned region is not very large and is assumed to be homogeneous in terms of physiography and geography
Table 4
Estimation of the discharge quantiles Q (ML) for Arenal River at AHIS station corresponding to the return periods T = 10, 50, 100, 500. CI0.05 (CI0.95) is the 5% (95%) conﬁdence limit of the estimates Q (ML), ΔCI = CI0.95 − CI0.05.
T (years)

MCMC settings

Q (ML)

ΔCI

ΔCI / QT

10

Only instrumental records (Inst.)
Provided by AHIS
Inst. + threshold N 250a
Inst. + threshold N 350a
Inst. + 4 major events
Q_red as ‘observed’
Q_mean as ‘observed’
Historical estimates
Only instrumental records (Inst.)
Provided by AHIS
Inst. + threshold N 250a
Inst. + threshold N 350a
Inst. + 4 major events
Q_red as ‘observed’
Q_mean as ‘observed’
Inst. + historical estimates
Only instrumental records (Inst.)
Provided by AHIS
Inst. + threshold N 250a
Inst. + threshold N 350a
Inst. + 4 major events
Q_red as ‘observed’
Q_mean as ‘observed’
Inst. + historical estimates
Only instrumental records (Inst.)
Provided by AHIS
Inst. + threshold N 250a
Inst. + threshold N 350a
Inst. + 4 major events
Q_red as ‘observed’
Q_mean as ‘observed’
Inst. + historical estimates

135
262
269
101
154
293
401
244
396
447
519
229
443
356
492
408
629
520
664
325
692
375
518
490
1857
–
1131
731
1962
405
562
716

1509
–
159
81
123
146
194
89
28,563
–
898
337
511
363
487
277
96,936
–
1794
639
990
493
676
456
1,799,829

11.17
–
0.59
0.80
0.79
0.49
0.48
0.36
72.08
–
1.73
1.46
1.15
1.01
0.98
0.68
154.08
–
2.70
1.96
1.43
1.31
1.30
0.93
969.17

7723
2825
4532
896
1213
1236

6.82
3.86
2.31
2.21
2.15
1.73

50

100

500

a
The threshold of 250 (350) m3 s−1 has been exceeding once during the perception
threshold.
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(i.e. main basin characteristics, such as geology, orography and vegetation). Therefore, the hydrological homogeneity of the region was tested
only with the Hosking and Wallis method (Hosking and Wallis, 1997).
Once the homogeneous region has been delineated, the discharges,
rescaled according to the proposed index ﬂood relation, can be pooled
together. The Bayesian MCMC approach was selected to adjust growth
curves to these regional sets composed of heterogeneous (instrumental
and estimated) data.
The ﬁnal step was to compare the results of this study with a regional model (called CAUMAX) that is set up for the western part of
the Tagus Basin (CEDEX, 2011; Mediero and Jiménez, 2007). This
model is proposed for basins of N50 km2 in this region of the Tagus
basin and is based on linear multiple regression:
Q T ¼ 10α 0 ⋅Aα 1 ⋅P m α 2 ⋅Hα 3

ð2Þ

where A is the basin area, Pm is the maximum precipitation for the
estimated return period, H is the mean basin altitude and α1,2,3 are
the regression coefﬁcients (see the references cited above).
4. Results
4.1. Flash ﬂood chronology and classiﬁcation
Results from the Pelayo study showed that the ages of the trees
reach up to ~100 years. Scars or injuries were only occasionally found
(b10%), whereas other GD was much more frequently observed (280
cases) in the 114 trees investigated. GD was found in 22 of the years,
of which eight showed a large number of visible GD in a representative
number of trees; information on the ﬂash ﬂoods that occurred in these
eight years was considered the most accurate of the dataset.
Along the River Arenal, the age of the riparian trees reached up to
~ 50 years. A total of 147 injuries in 24 different years were detected
in the 84 trees analysed. The oldest scar was inﬂicted in 1953. Several
samples contained more than 2 injuries (and up to 7 in the same cross
section). The largest number of scars was 16 (11% of the entire population) and corresponded to 1997. Based on the number of trees
affected at the same time (and by the same event), reconstruction
of past ﬂash ﬂoods was considered very reliable for 12 events.
Comparison of tree-ring records from the two catchments shows
dendrogeomorphic evidence of ﬂash ﬂood activity in 34 years,
which coincided in the two rivers in 14 of these years.
Documentary sources have provided information on 41 events since
the 19th century. Of these, the 1936 event should be highlighted here
since it was one of the most important ﬂoods in the study area. The
event was described in archives and newspapers: The villages of Guisando
and Candeleda are completely ﬂooded as a result of the violent storm and
ﬂooding. In Guisando village, the ﬂood affected the cemetery and church, removing graves and numerous corpses. In San Esteban del Valle a number of
houses were destroyed and several people were left dead or missing.
The 14 event years identiﬁed with tree-ring records from the Pelayo
and Arenal rivers were then contrasted with events identiﬁed in documentary sources in order to assign each one with an occurrence date.
The ﬁnal database of archival documents used for further analysis
therefore contains 41 events (Fig. 3) and is restricted to ﬂash ﬂoods registered in documentary sources, events registered in both archival documents and tree-ring series, as well as events simultaneously recorded
in a large number of trees but without analogues in written sources.
Fig. 3 also shows periods where information on ﬂash ﬂoods is absent
from documentary records, because municipality archives are generally
missing from 1870 to 1900 and also for the period between 1936 and
1940, presumably as a result of the Spanish Civil War. The apparent increase in ﬂood events since the 1950s, on the other hand, was mainly
due to the emergence of various newspapers and the contribution of
tree-ring data. An accurate dating of events was possible in 36 cases.
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Fig. 6. Fitted GEV distributions for the River Pelayo (A and B) and the River Arenal in the town of Arenas de San Pedro (C and D), with discharge estimates treated as observed records (A and C) and as a combination of part of the data as observed and the 4 (5) largest events with uncertainty (B and D).

4.2. Estimates of ﬂash ﬂood discharges and uncertainties
Results for estimated peak discharges (mean and standard deviations)
using the rational method are illustrated in Table 2. The validation of the
model for the Candeleda basin and the River Arenal at the AHIS station
resulted in a coefﬁcient of determination of 0.83 and 0.85, respectively,
a model uncertainty of b 17% without signiﬁcant differences between observation and simulation (p-value b 0.05 at the 95% conﬁdence interval).
For the River Arenal (AHIS station), the lower bound of the calculation (Q reduced in Table 2) was used for the frequency analysis

since the dam located on the Cuevas River, as well as a series of
dykes and irrigation systems, may inﬂuence the discharge.
4.3. Flood frequency analysis
4.3.1. At-site FFA combining historical data and longer instrumental
series
The at-site FFA at Candeleda is based on the gauged data on instantaneous discharge (annual maximum) since 1973 and on estimates of the
1936 event along the River Santa Maria at the Candeleda station (Fig. 4).

Fig. 7. (A) Regional gauged data set; (B) regional including the whole set of estimated event discharges.
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The inclusion of historical information evidently reduces uncertainty in the quantile estimates (Table 3). If the 1936 estimate is
treated as instrumental (i.e., without any uncertainty), an increase
that is even higher than just the instrumental ﬁtting can be observed
in the conﬁdence interval rate, as well as an increase in the quantiles.
4.3.2. At-site FFA using a short data series and longer historical information
The at-site FFA at the River Arenal AHIS station is based on a short
data series of annual maximum discharge since 2001 and estimated
discharge from longer historical records (Fig. 5), whereby different
mechanisms of frequency ﬁtting are applied.
With the inclusion of historical information, uncertainty is evidently
reduced in the quantile estimates and homogenised (shown by the line
slope), but very signiﬁcant differences exist in the quantiles depending
on the parameters used and the assumptions regarding uncertainty.
Table 4 summarises all the tests and compares results with the
quantiles provided by the AHIS station.
The main ﬁnding from Table 4 is the decrease in the conﬁdence intervals (low values of ΔCI and ΔCI / QT in the table) when historical
information (estimated discharges and uncertainty range) is included
in the analyses together with instrumental records (Inst.).
4.3.3. At-site FFA using only historical information
Instrumental ﬂow records do not exist for the Pelayo and Arenal rivers at Arenas de San Pedro. To use these data for an at-site FFA, several
hypotheses were assumed. In a ﬁrst step, discharge estimates for these
reaches were treated as instrumental records (‘observed’ discharge
considering the mean value without uncertainty), and the most important reconstructed ﬂoods were then constructed as ‘historical’ events.
The events dataset was thus divided into ‘observed’ and ‘historical’ (estimated with uncertainty) in an iterative process. Fig. 6 gives some of
the results from this repeating process. These show the variability in
quantile estimates based on the way data was incorporated.
The inclusion of some events as historical affects the conﬁdence
intervals, and this effect remains visible irrespective of the number
of large events included in the analysis (data not shown).
4.3.4. Regional ﬂood frequency analysis (RFFA)
Regional quantiles were estimated based on the index-ﬂood method
and the MCMC approach using eight concordant stations from the region.
The region deﬁned was assumed to be hydrologically homogeneous
(heterogeneity test H = 1.39, using the test criteria according to Wallis
et al., 2007, which classify regions with H b 2 as acceptably homogeneous). A total of 11 probability distribution functions were tested.
The generalised extreme value (GEV) function was selected (with the
Anderson–Darling goodness of ﬁt test K = 0.37) and the estimated initial parameters of GEV function λ1, λ2 and λ3 (location, scale and shape
parameters) were 0.6067, 0.5548 and −0.1183 respectively. The MCMC
approach was ﬁrst used for the regional gauged dataset and then used
to include the estimates for the three basins (Fig. 7).
5. Discussion
In this study, 41 past ﬂoods have been documented based on historical sources and dendrogeomorphic evidence. The veracity of the
compiled data is supported by its high level of temporal and spatial
coherence and by the correspondence between events described in
the documents and those recognised in tree-ring records.
The only available common data between the datasets was daily
rainfall, which was consequently used to estimate peak discharge
for most of the documented events. We combined an empirical
rainfall–runoff assessment with a stochastic approach so as to transform daily data into peak discharge for each event. This simple empirical assessment has been extensively used in Spain (Díez Herrero,
2001; Ortega, 2007; Potenciano, 2004; Rico, 2004) for assessing
peak ﬂows in natural watersheds with surface areas up to 3000 km2
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and concentration times ranging from 1 to 24 h. Validation of the
method revealed that estimates were associated with 17% error,
which is relatively small for past ﬂood reconstructions (peak discharge estimates of historical ﬂoods by hydraulic calculations have
errors of up to 25%, according to Reis and Stedinger, 2005).
The most important assumption of this study was the treatment of
the runoff coefﬁcient as a stochastic variable since antecedent conditions, land use and other parameters are not known for past events.
Boundaries (0.2–0.6) were established based on the ﬁndings of
Marchi et al. (2010), who obtained values in the range of 0.23 to
0.56 for the Mediterranean region. Merz et al. (2007), in contrast, related runoff coefﬁcients with ﬂood type and found that the smallest
runoff coefﬁcients (median 0.15) are associated with ﬂash ﬂoods
and short-rain ﬂoods (0.36), whereas slightly larger values are produced by long-term rainfalls (0.38) and the largest runoff coefﬁcients
(0.63) are associated with snowmelt ﬂoods.
5.1. Interpretation and value of data from documentary sources
Event classiﬁcation based on documentary sources (archives)
proved to be a good approximation to past ﬂood conditions since
most of the events classiﬁed as high and medium intensity events
were indeed related to high ﬂow discharge (1936, 1963, 1995, 1999,
2000, and 2003). The high intensity events were apparently clustered
in the early 20th century (i.e., the four most severe events occurred in
1902, 1922, 1927 and 1928). As ﬂoods were classiﬁed based on damage to infrastructure (bridges and roads) and not on casualties
(Barriendos and Coeur, 2004), it seems possible that the great differences in structure quality may have inﬂuenced classiﬁcation. On
the other hand, however, events that caused fatalities in the region
(i.e., 1936, 1959, 1982, 1990 and 1999) were not necessarily highintensity (high-magnitude) events but ﬂoods that took place in
these years during late summer or early autumn, when there is a substantial increase in the population of this region due to tourism.
5.2. Interpretation and value of tree-ring data
Dendrogeomorphic evidence in riparian trees has been used here
to date the occurrence and frequency of past ﬂoods, but not for a
direct estimation of ﬂood magnitude. Although there is no perfect
correlation between the number of scarred trees (or growth disturbances) and discharge estimates, we still observe a tendency towards
more evidence in trees during larger events, especially along the
River Pelayo, where a conﬁdence coefﬁcient (Ruiz-Villanueva et al.,
2010) was used rather than the absolute number of injuries (as in
the case of the Arenal).
Tree age was the most important limitation of dendrogeomorphology
at this study site, as vegetation growing within the area of ﬂuvial activity
does not normally reach a high age (b 70 years in the present study).
According to Gottesfeld (1996), Zielonka et al. (2008) and Ballesteros
Cánovas et al. (2011a, 2011b), scars on trees are most likely to be caused
by transported logs and probably by the bedload (boulders and stones).
Scar formation generally requires high ﬂow and the presence of debris
in the channel. Affected trees may have disappeared from the stream
and banks since the last event, either through natural processes or anthropogenic interventions. The series of reconstructed ﬂood events
should not therefore be treated as a complete dataset and the total number of growth signatures for each event cannot be used as a direct proxy
(St. George, and Nielsen, 2003).
Woody material with different stages of decay and various dimensions was present along the study reach of the River Arenal, as were granite boulders in both the Arenal and Pelayo rivers (boulders are much
larger and more abundant in the latter). The large presence of woody debris may explain the predominance of scarred trees along the Arenal and
the formation of impacts by ﬂoating wood, whereas the scarcity of woody
debris and the predominance of bedload transport may explain the rare

40

V. Ruiz-Villanueva et al. / Catena 110 (2013) 32–43

Fig. 8. Seasonality of ﬂash ﬂood events and possible triggering conditions.

occurrence of injuries in trees along the Pelayo. In addition, differences in
the composition of tree species (P. pinaster trees with thick and protective
bark along the Pelayo and more vulnerable thin-barked riparian trees
along the Arenal; Stoffel and Perret, 2006; Trappmann and Stoffel,
2013), tree density and river slope may also have contributed to these
differences.
Most of the disturbance events recorded in the tree-ring records
could be successfully related to documentary information on ﬂood
events, and those without analogues in the written archives occurred
in the year after the largest events. It is noteworthy that the largest estimated magnitude ﬂoods (1936, 1963, 1997, 1999, 2000 and 2005) are
in concert with those years best represented in the dendrogeomorphic
record for both the Arenal and Pelayo rivers, with the exception of 1936
for which tree age was not sufﬁcient to be recorded in the trees.
For the years in which dendrogeomorphic evidence was clearly
visible but documentary information was missing (1966, 1973,
1976, and 1984), we hypothesise that large quantities of recently deposited solids (sediment and wood) could have been remobilised
even by moderate ﬂows (hysteresis circle). We therefore speculate
that dendrogeomorphic evidence is not always necessarily related
to extreme events, but that damage can also be inﬂicted on trees by
ordinary high ﬂows. In this regard, provided that tree-ring evidence
is used in rivers in the absence of other types of documentary data,
dendrogeomorphic time series should be analysed carefully and
more in terms of a contribution to river dynamics than as an exclusive
indicator of high ﬂows.
5.3. Seasonality, meteorological causes and ﬂood envelopes
The accuracy dating of 36 events made it possible to analyse
the seasonality of these ﬂoods, which showed that a majority of 60%
of events occurred in autumn–winter and 40% in spring–summer
(Fig. 8).
The seasonality of ﬂoods found in the study region could be related
to different meteorological forcings, as shown in Fig. 8, among which
three predominate: (i) convective precipitation events occurring in
spring and summer, which are locally and temporally limited; (ii) precipitation events caused by wet spells (rain or snowfall) lasting several
days or weeks in spring or autumn; and (iii) situations of generally persistent instability lasting for more than a month or an entire season,
normally during winter (Benito and Machado, 2012; Bullón, 2011).
During this season, zonal circulation at low latitude (35–45°N) generally causes signiﬁcant and persistent rainfall and ﬂoods in the Tagus
basin (Benito et al., 2006, 2008; Trigo et al, 2004) in which the study
sites are located. At the basin scale, a signiﬁcant correlation between

discharge and the North Atlantic Oscillation (NAO) index can be difﬁcult to identify, but it is still possible to observe a weak trend (based
on exploratory analysis and linear regressions) between estimated
discharges and the NAO. The most intense events documented here
(highest discharges) are correlated with high negative values of the
NAO index, such as in 1936 (−3.89), 1966 (−1.69), 1977 (−2.14)
and 1996 (−3.78). Flood events in the study region can therefore be associated preferably with wet conditions in the western Mediterranean
and over North Africa, and cold air in northern Europe (Wanner et al.,
1994).
The seasonality of ﬂoods observed in this study also agrees with
the distribution documented by Gaume et al. (2009) and Marchi
et al. (2010) for European ﬂood events in general and for the Mediterranean region in particular.
For the earlier period (1849–1935), for which discharges could
not be estimated, local data was compared with previously published
works on the Tagus River basin. According to Benito et al. (2003a,
2003b), the period between 1870 and 1900 shows a substantial increase in the frequency of extraordinary ﬂoods in the Tagus basin,
whereas Barriendos (1997) identiﬁes a phase between 1840 and
1859 in which a sharp increase in ﬂoods and a decrease in droughts
were recorded. Similar data also exists for catchments in Eastern
and South East Spain (Barriendos and Martín Vide, 1998), particularly
for the 1830–1870 period, with a maximum period from 1848 to 1868
and peaks between 1851 and 1857 and in 1859 and 1860, and another period between 1916 and 1951, with peaks between 1917 and
1928. The most exceptional ﬂoods affecting the entire Tagus basin
were recorded in 1936, 1941 and 1947, as well as in 1917, 1924 and
1928 at its headwaters (Benito et al., 2003a, 2003b). Our ﬁndings
corroborate the body of evidence on past ﬂoods in the Tagus basin
and we have also examined the documented events of 1849, 1853,
1856, 1865, 1919, 1922, 1927, 1928 and 1932 in our study region.
Their occurrence over large areas leads us to hypothesise that they
were at least of medium or high intensity and that they were related
to intense rainfall affecting a large part of the Tagus basin.
Our study also shows that the largest magnitude ﬂood of the 20th
century in the study area occurred in 1936, when ﬂow records and
gauging stations did not exist in the wider study region. We therefore compared the estimates of this ﬂood event with data from the
catalogue of maximum observed ﬂoods in Spain (IAHS, 2004) and
the regional envelope curve (REC). Our analysis shows quite clearly
that the 1936 ﬂood was located in the upper bound of the REC
(Fig. 9).
If compared with the envelope curves described in the literature
for maximum ﬂoods in Europe (Castellarin, 2007; Gaume et al.,
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5.4. Flash ﬂood frequency

Fig. 9. Catalogue of maximum observed ﬂoods in Spain (IAHS, 2004) and estimates of the
1936 ﬂood in the study region (four catchments analysed). The black line represents the
regional envelope curve (REC) of the IAHS database.

2009; Marchi et al., 2010; Tarolli et al., 2012), discharge per unit area
of the 1936 event will fall below these curves, with an approximate
envelope curve equation: Qu = 20.82 · A−0.29.

As a ﬁnal analytical step, this study aimed to incorporate data on
historical ﬂoods gathered from documentary sources and tree-ring
records into an at-site and regional ﬂood frequency analysis (FFA
and RFFA, respectively). For this purpose, a Bayesian Markov Chain
Monte Carlo (MCMC) framework was used (Gaál et al., 2010;
Gaume et al., 2010; Kuczera, 1999; Reis and Stedinger, 2005) and a
likelihood function was built so as to properly handle the information
on historical ﬂoods. Following Gaume et al. (2010), we considered
that accurate data on extremes (in terms of discharge) are not absolutely necessary in such analyses as the dominant information needed
is the number of non-exceedances of a perception threshold (X0) and
the historical period (h). We set these two parameters following the
methodology proposed by Gaál et al. (2010).
The ﬂood of 1936 presented a challenge to our study as this event
was larger than any discharge recorded during the periods covered
by continuous hydrological records and therefore inﬂuenced ﬂood
frequency analyses. In the Santa Maria basin at Candeleda village,
for instance, the inclusion of historical information evidently reduces
uncertainty and affects quantile estimates. The relatively small reduction in quantiles may be explained by the fact that the historical
estimate of the 1936 event is affected by relatively large errors
(Reis and Stedinger, 2005), but results that include this historical extreme still seem more reliable since conﬁdence bounds are signiﬁcantly reduced.

Fig. 10. Discharge for different return periods for all FFA and RFFA tests in the ungauged basins. μ1 and σ1 are the mean and standard deviations for each return period computing all
tests, and μ2 and σ2 are the mean and standard deviations for at-site tests and CAUMAX but without RFFA (see legend).
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The particular case of the River Arenal at the AHIS station is the
most difﬁcult to address with the available data. A short data series
exists, and a longer series of historical estimates has been incorporated
in different ways. In all cases, quantiles provided by the regional approach seem to be slightly underestimated when compared with the
CAUMAX model, but they generally remain within the same order of
magnitude and within the conﬁdence intervals.
The most important differences between conventional series and
those that include tree-ring and documentary sources are found in
the regional approach, for which larger quantiles are observed. This
is similar to the ﬁndings of Gaume et al. (2010) for the Gard region
in France, where the quantile estimation, including ungauged events,
was multiplied by a factor of N2, presumably because of a limited set
of ungauged events and the short period covered by the gauged
series. Fig. 10 illustrates differences in quantile estimation based on
different approaches, and the related uncertainties expressed by μ
and σ (mean and standard deviation of quantiles).
Note how estimation of the largest quantiles (500 years) may be
strongly affected (up to twice the value) depending on the treatment
of the data (Fig. 10). Underestimation may result in an underestimation of risk, but at the same time overestimation could also result in
an economic overestimation in risk management. Because of this uncertainty in the quantile estimation, ﬂood hazard maps may be conceived using a probability approach (Bates et al., 2004; Pappenberger
et al., 2006; Romanowicz and Beven, 2003), as deterministic approaches normally do not take uncertainties into account (Bates
et al., 2004; Di Baldassarre et al., 2010; Merz and Bloschl, 2005;
Merz et al., 2007).
6. Conclusions
This study focused on the reconstruction of ‘real ﬂoods’ occurring
in small ungauged or poorly gauged mountain basins of Central Spain.
Historical documents allowed the analysis of ﬂood seasonality and
inferred meteorological causes. In addition, tree-ring records were
used to complement documentary sources as well as to improve the
understanding of river dynamics.
An empirical rainfall–runoff method was combined with a stochastic
approach in order to incorporate uncertainty related to past land uses or
antecedent conditions during past events. Through the incorporation of
(several subsets of) data on historical ﬂoods with associated uncertainty, we calculated different FFA and RFFA and evaluated the inﬂuence of
varying approaches on the estimation of quantiles in at-site and regional analyses. The study successfully demonstrated that uncertainty decreases if historical data is included, but that quantile estimates can be
affected quite strongly depending on the approach used. This uncertainty should be taken into account when historical data is used for ﬂood
risk purposes or management plans. Although this study is focused on
only four basins, we are conﬁdent that the proposed methods can be
easily transposed to any other ungauged or poorly gauged basin.
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