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Abstract:

There is still wide uncertainty about past flash-flood processes in mountain regions owing to the lack of systematic databases
on former events. This paper presents a methodology to reconstruct peak discharge of flash floods and illustrates a case in
an ungauged catchment in the Spanish Central System. The use of dendrogeomorphic evidence (i.e. scars on trees) together
with the combined use of a two-dimensional (2D) numerical hydraulic model and a terrestrial laser scan (TLS) has allowed
estimation of peak discharge of a recent flash flood. The size and height distribution of scars observed in the field have
been used to define three hypothetical scenarios (Smin or minimum scenario; Smed or medium scenario; and Smax or maximum
scenario), thus illustrating the uncertainty involved in peak-discharge estimation of flash floods in ungauged torrents.

All scars analysed with dendrogeomorphic techniques stem from a large flash flood which took place on 17 December 1997.
On the basis of the scenarios, peak discharge is estimated to 79 š 14 m3 s�1. The average deviation obtained between flood
stage and expected scar height was �0Ð09 š 0Ð53 m. From the data, it becomes obvious that the geomorphic position of trees
is the main factor controlling deviation rate. In this sense, scars with minimum deviation were located on trees growing in
exposed locations, especially on unruffled bedrock where the model predicts higher specific kinetic energy. The approach used
in this study demonstrates the potential of tree-ring analysis in palaeohydrology and for flood-risk assessment in catchments
with vulnerable goods and infrastructure. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Flash floods are a fast flooding of water often combined
with debris transport that usually takes place in high-
gradient streams (Jarrett, 1990; Borga et al., 2007), but
the process may also occur in other settings where sedi-
ment is transported easily by heavy rainfalls (Mintegui
et al., 2006). Flash floods are especially common in
mountainous areas where rapid snowmelt or heavy rain-
falls are quickly transformed into runoff. Their practically
instantaneous occurrence, together with their high capac-
ity of transport, renders flash floods which is one of the
most significant weather-related hazards in many parts
of the world, causing considerable economic and human
losses in each year (Scheuren et al., 2008; Gaume et al.,
2009). The characterization of flash floods with low prob-
ability of occurrence and high damage (Merz et al., 2009)
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is crucial, when countermeasures have to be defined in
order to minimize associated risks (Enzel et al., 1993).

Precipitation records and flow data have been widely
used for flood studies (Chow, 1959; Chiang and Chang,
2009); however, the use of systematic data on flash floods
presents several challenges in mountainous catchments
as representative instrumental records are not normally
available in these environments (Benito and Thorndy-
craft, 2004). In this regard, the use of non-systematic
data may improve knowledge of frequency–magnitude
relationships of flash floods in ungauged catchmwwents
(Baker, 2008).

Historical records (Cook, 1987; Payrastre et al., 2005)
and sedimentological deposits (Benito et al., 2009; Liv-
ingston et al., 2009) have been successfully used to
extend flow time series by hundreds or even thousands of
years. However, in mountainous catchments, older palae-
oflood deposits are only rarely present because of the
high energies prevailing in these high-gradient streams. In
addition, documentary records on past events or historical
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Figure 1. (A) The Arroyo Cabrera is located in the Sierra del Valle near the village of Navaluenga (Ávila), Spanish Central System. (B) Location of
the study reach on a schematic map of the Cabrera basin. (C) Scars on trees caused by flash floods in the study area

data are not readily available as these areas were normally
only sparsely populated in the past.

Other sources of non-systematic data can be derived
from dendrogeomorphic analyses (Alestalo, 1971; Stoffel
et al., 2010). Scars on trunks, which stem from the
impact of debris and wood transported during a flash
flood, represent the most common dendrogeomorphic
evidence (Yanosky and Jarret, 2002) of past flood activity
and can be used as palaeostage indicators (PSI; Baker
et al., 2002; Jarrett and England, 2002). They are of
prime value for the reconstruction of flood frequency
(Harrison and Reid, 1967; Gottesfeld and Gottesfeld,
1990; Zielonka et al., 2008; Ruiz-Villanueva et al., 2010)
and help the estimation of flood magnitude. However, the
size of past events has been less frequently studied with
dendrogeomorphic approaches in the past (Stoffel, 2010).

Previous research on magnitude–frequency relation-
ships of flash floods using tree scars was conducted by
Egginton and Day (1977) in low-gradient streams. Later,
Gottesfeld (1996) studied the relationship between scar
height and adjacent high water marks (HWMs). In addi-
tion to the development of different hydraulic methods
to estimate peak discharge from PSI or information on
HWM (O’Connor and Webb, 1988; Corriell, 2002; Webb
and Jarrett, 2002) used 1D computations based on Man-
ning’s equation to (i) estimate the stage of past flood
events with scars being considered minimum flood-stage
indicators and (ii) to reconstruct a recurrence-interval dia-
gram. Nevertheless, despite the potential of PSI from
trees for palaeoflood studies (St. George and Nielsen,
2003), knowledge on magnitude reconstructions is still
scarce and results have not been validated with outputs
from hydraulic models so far.

Therefore, the main objective of this study was (i) to
present a methodological approach for realistic peak
discharge estimation of flash-flood event with PSI derived

from scars on trees and (ii) to apply this methodology
to estimate peak discharge of a flash flood which took
place on 17 December 1997 in an ungauged catchment
of the Spanish Central System. To this end, we (i) used
a coupled 2D hydraulic model running on a detailed
topography obtained from terrestrial laser scan (TLS)
and (ii) defined three hypothetical flood stage scenarios
based on scar-size and scar-height distribution so as to
reduce the degree of uncertainty in flow depth estimates
as well as to report a confidence level for the discharge
estimations.

STUDY SITE

The Arroyo Cabrera (40° 240N; 4° 390W) is a fluvio-
torrential watershed located on the northern slopes of the
Sierra del Valle (Spanish Central System, Tagus Basin;
Figure 1A). The catchment has an area of 15Ð75 km2

and is formed by the confluence of several streams. The
main channel has a length of ¾5500 m and presents an
altitudinal range of ¾1230 m. The stream is characterized
by high torrential activity owing to persistent and heavy
rainstorms that are usually taking place in winter. These
events result in abundant surface runoff, mobilization of
sediments, and subsequent flash floods. At the study site,
a hydrologic gauge network is operational since 2004.
So far, the largest event recorded had a peak discharge
of 20Ð7 m3 s�1 resulting from a storm with a maximum
rainfall intensity of 114Ð0 mm h�1 on 18 October 2004.
Dendrogeomorphic data point to the presence of other
events, such as those occurred recently in the winters
of 1989/90 and 1997/98 (Ballesteros et al., 2010a), their
magnitude remains, however, unknown.

The flash flood analysed in this paper took place
on 17 December 1997 and was particularly severe. It
resulted in abundant damage in the riparian vegetation
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Figure 2. Methodological diagram used for palaeoflood discharge reconstruction. (Qi D maximum peak discharge value; h(Qi) D water surface as a
function of the maximum peak discharge; Qsub D minimum peak discharge for which all scar are submerged; and SnL�S D impact depth scenario

for the case of large scar (SnL) and small scar (SnS), respectively)

(mainly Fraxinus angustifolia Vhal., Alnus glutinosa
(L.) Gaertn. and Populus ssp.) and largely redefined the
stream architecture (Ballesteros et al., 2010b).

The assessment of peak discharge was realized in a
reach located in the lower part of the catchment, with
a length of 500 m and an average slope of 0Ð231 m/m
(Figure 1B). This reach was chosen for its stable bedrock
channel, ensuring that channel geometry did not change
significantly during the flood analysed. Moreover, the
reach is characterized by a high density of trees with PSI
stemming from the impact of debris transported during
the flash floods (Figure 1C).

METHODOLOGY

The methodology used to estimate the peak discharge of
the 1997 event is an integration of (i) dendrogeomorphic
techniques used to obtain observation points and to
define hypothetical scenarios as well as (ii) hydraulic and
topographic approaches to gather simulated water surface
values. The different working steps used in this study are
given in Figure 2.

Sampling and dating of scars on riparian trees

A sampling strategy has been designed to analyse and
check that all PSI observed on the tree trunks of riparian
vegetation stem from the 1997 flash flood. A total of 23
trees with scars orientated according to the flow direction

were considered. Trees with scars located elsewhere on
the stem or scars with doubtful geometry (i.e. unusually
large or elongated scars) were avoided as they could
have been generated through falling neighbouring trees.
In trunks with several scars at different heights, the
uppermost point of the highest scar was considered for
the estimation of peak discharge.

Wedges of the overgrowing callus pad of wounded
trees were taken with a handsaw and transported to
the laboratory for dating. Additional information was
obtained including scar size, tree diameter at breast
height, as well as sketches and a description of the
geomorphic position of the tree.

At the laboratory, all samples were air dried, sanded,
and polished with sandpaper (up to 400 grit) to facilitate
recognition of tree rings. Next, samples were scanned to
conserve original images with high resolution. Tree-ring
series of all samples were subsequently counted using
a digital LINTAB positioning table connected to a
stereomicroscope and TSAP 4Ð63 software (Rinntech,
2008; Stoffel and Bollschweiler, 2008). Wounds were
located in the tree-ring record and events were dated with
sub-annual resolution (Yanosky and Jarrett, 2002; Stoffel
et al., 2008; Zielonka et al., 2008).

Topographical data acquisition

The terrestrial laser scanner TLS-CALLIDUS CP 3200
(Shan and Toth, 2008) was used for the acquisition of
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topographic data along the 500-m reach analysed in this
study. This technology allows to record millions of points
over a surrounding scene or an object’s x, y, and z
information. Data are then displayed as a ‘point cloud’
which can be viewed, measured, and navigated as a 3D
model. The main characteristics of the TLS used are
(i) its maximum scope of 32 m, (ii) a precision of 5 mm
on average, and (iii) a speed of sweep of 1750 points s�1.

Because of the extension of the suited area together
with the highly irregular reach topography and dense
vegetation, it was necessary to use successive topographic
stations to complete the scan of the whole model. On the
other hand, a total station (TS) survey was used to acquire
maximum scar heights and tree positions, as well as to
complete the bathymetry in the main channel because
TLS cannot characterize topography below water.

After the acquisition of topography, all data were
registered and filtered to eliminate possible interferences,
resulting in a filtered database with ¾500 000 points (90
points m�2) which were then used to generate a mesh as
the main input to the hydraulic model.

Hydraulic model

The flow model used was the 2D hydrodynamic
modular model MIKE 21 developed by the Danish
Hydraulic Institute (DHI, 2008). This model operates
with a numerical scheme of finite differences allowing
to obtain real results in supercritical, subcritical, or
mixed stationary regimes over different meshes (i.e.
single, multiple, curvilinear, or flexible meshes). For
the computation of the 2D approach as well as for the
description of flow and water depth variations, the model
uses ‘alternating direction implicit’ techniques which
solve the conservation of mass momentum integrated
over the vertical (DHI, 2008). Boundary conditions can
be included as Q(t) (i.e. constant or variable peak
discharge) or H(t) (i.e. constant or variable water stage).
The roughness coefficient is included as a constant value
or as a roughness grid file using either Manning’s n
or Chezy’s C-values. The hydrodynamic model reports
results on water depth, velocity as well as bed shear stress
in x- and y-directions, therefore allowing for immediate
results on stream power per unity area as

P D V
√

�2
x C �2

y �1�

where �x and �y are the bed shear stresses in the x- and
y-directions, respectively; and V being the flow velocity.

In our flow model, topography was incorporated as
a single mesh (pixel size 35 cm) through the Mike
Zero application (DHI, 2008). Initial conditions were
included as a constant discharge upstream in the range
of 20–200 m3 s�1 which allowed comparison of a given
simulation with existing PSI. The roughness coefficient
was implemented into the model as a grid file based
on Manning’s values (m1/2 s�1). To this end, homoge-
neous patches were mapped in the field and assigned
Manning’s values taking into account the nature of the
main channel and the associated floodplains (Aldridge

and Garrett, 1973). In total, nine roughness units were
identified between the main channel and the vegetated
banks. Units include stable bedrock (values between
0Ð02 and 0Ð028 m1/2 s�1), patches with big boulders
(0Ð09 m1/2 s�1), main channel (0Ð083 m1/2 s�1), vege-
tated banks (between 0Ð11 and 0Ð15 m1/2 s�1), and non-
vegetated banks (0Ð03 m1/2 s�1). The eddy viscosity was
assessed at 0Ð0045 m2 s�1 and therefore represents the
maximum eddy viscosity value reported by Yoon and
Kang (2005) for profiles near the bed and different sedi-
ment loads. Based on the above values, different simula-
tion runs were carried out using different computational
time ranges and time steps until the model was stable.
The computational time used in our study was around
7 h with time steps of 0Ð015 s.

Palaeoflood discharge estimation

In order to produce more robust palaeoflood discharge
estimations, we considered three different hypothetical
water stage scenarios according to the size and height of
scars observed in trees at the study reach.

Scenarios have been based on the statistical distribu-
tion of observed deviations (in %) between scar heights
measured in the field and modeled water depths where all
of these scars were fully submerged (Qsub). This compar-
ison has been performed for all scars simultaneously so
as to minimize the overall error. Considering a bilateral
confidence level of 90%, maximum (Smax) and minimum
(Smin) scenarios were defined by the 5th and 95th per-
centile of the statistic distribution of observed deviations,
respectively. On the other hand, the medium scenario
(Smed) was defined as

� D E�x� D
∫ 1

�1
x.f�x�. dx �2�

where f(x) represent the density function of the distribu-
tion obtained.

As a result of the gradation of scar sizes observed on
trees impacted by flash floods, the above scenarios have
been considered for two different populations of scars,
i.e. large and small scars, being differentiated by means
of a non-parametric statistical test (Sprent and Smeeton,
2001).

Peak discharge of the analysed palaeoflood event
was then estimated using the step-backwater method
(O’Connor and Webb, 1988; Benito et al., 2003), which
consists of a calculation of the water stage from peak
discharge input in the model and a better fitting between
the PSI identified and water surface elevation (Webb and
Jarrett, 2002). For each scenario, we searched for those
peak discharges that minimized the expression

Deviation D DS ð nS

Nt
C DL ð nL

Nt
;

with

DS�L D

n∑
i

�Hm ð 100�/He

n
; �3�
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where DS�L is the deviation rate for both small (S) and
large (L) scar sizes; nS and nL are the number of S
and L scars, respectively; Nt the total number of scars
considered; Hm the averaged water stage evaluated at
1 m2 around the tree; and He the expected water height,
defined by the expression

He D hPSI C h[Qi] ð �1 � Sk�; �4�

with hPSI being the maximum scar height (Gottesfeld,
1996; Yanosky and Jarrett, 2002); and the product h[Qi] ð
�1 � Sk� the hypothetical impact depth for the scenario Sk

and the water depth h obtained with the hydraulic model
for discharge Qi.

RESULTS

Tree scars and dendrogeomorphic dating

A total of 23 trees within the study reach showed
visible scars resulting from the impact of sediment
and woody material transported during flash floods. A
majority of scars (18 trees) were identified in Alnus
glutinosa (L.) Gaertn. and five in Fraxinus angustifolia
Vahl. In addition, five trees showed a scar-size gradation.
Figure 3 shows the position of trees with PSI and their
heights with respect to the longitudinal channel profile.
Most scars were found in the lower part of the study reach

Figure 3. Scar-height distribution along the study reach profile

where the slope is more gently; but this result also reflects
the fact that trees have greater difficulties to colonize the
steeper segments of the bedrock reach.

Dendrogeomorphic analysis also reveals that all scars
were caused by the 1997 flash flood. An overview on
the different PSI used in this study (i.e. geographical
location of trees, scar size, and event dating) is provided
in Table I.

Definition of flash flood scenarios for peak discharge
estimation

Two scar size populations were differentiated by means
of a non-parametric W test (p-value <0Ð001, 95% con-
fidence interval). Wounds with visible scarred areas
<800 cm2 were defined as small scars. In contrast, scars
were defined large when the area visibly damaged dur-
ing the 1997 flash flood was ½800 cm2. In a subsequent
step, peak discharge Qsub of the 1997 event was defined
as 145 m3 s�1 (Figure 4). This value represents the min-
imum peak discharge for which all scars are submerged
and therefore defines a reference level for PSI to estimate
the hypothetical depth of the flow.

Results of the deviation between the maximum scar
heights for both small and large scars and the water
table for Qsub are provided in Table II. They provide
a minimum p-value of the three normality tests (�2-
goodness of fit; Shapiro–Wilks’ W test; Z-asymmetry
statistics) of 0Ð4057 which allowed in turn an assessment

Figure 4. Definition of peak discharge corresponding to Qsub

Table I. Description of PSI (i.e. scar on trees) used in the study

Tree code XUTM YUTM Scar size
(cm2)

Tree code XUTM YUTM Scar size
(cm2)

1 359 174 4 474 281 130 13 359 192 4 474 363 380Ł

2 359 173 4 474 282 250 14 359 201 4 474 371 1550
3 359 199 4 474 303 160Ł 15 359 199 4 474 374 1150
4 359 210 4 474 297 848 16 359 198 4 474 354 1050
5 359 220 4 474 335 2650 17 359 195 4 474 380 150
6 359 222 4 474 334 1620 18 359 225 4 474 343 640
7 359 223 4 474 335 1056 19 359 191 4 474 402 750
8 359 223 4 474 338 558 20 359 178 4 474 404 525
9 359 224 4 474 345 1044 21 359 180 4 474 405 100
10 359 217 4 474 352 210Ł 22 359 177 4 474 407 3150
11 359 216 4 474 352 540Ł 23 359 188 4 474 413 1369
12 359 215 4 474 352 800Ł

Ł Samples with scar size gradation.
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Table II. Comparison between the water surface elevation (WSE) obtained with the hydraulic model for Qsub and maximum scar
heights

Small scars Large scars

Number of
trees

WSE
Qsub

Maximum
scar height

 (m)  (%) Number of
trees

WSE
Qsub

Maximum
scar height


(m)


(%)

1 3Ð05 1Ð76 1Ð29 57Ð6 4 2Ð16 0Ð93 1Ð23 43Ð0
2 3Ð60 2Ð50 1Ð10 69Ð3 5 1Ð37 0Ð77 0Ð60 56Ð0
3 2Ð14 1Ð60 0Ð54 74Ð7 6 2Ð46 0Ð60 1Ð86 24Ð3
8 1Ð13 0Ð87 0Ð66 41Ð4 7 2Ð24 0Ð33 1Ð91 14Ð6
10 3Ð30 1Ð40 1Ð90 42Ð3 9 1Ð98 0Ð88 1Ð10 44Ð3
11 3Ð79 1Ð50 2Ð29 39Ð5 12 3Ð85 1Ð90 1Ð95 49Ð3
13 4Ð27 2Ð20 2Ð07 51Ð4 14 2Ð63 2Ð20 0Ð43 83Ð3
17 2Ð40 2Ð15 0Ð25 89Ð6 15 2Ð28 1Ð60 0Ð68 69Ð9
18 2Ð97 1Ð60 1Ð37 53Ð8 16 1Ð27 1Ð10 0Ð17 86Ð5
19 3Ð19 1Ð85 1Ð34 57Ð9 22 3Ð99 0Ð90 3Ð09 22Ð5
20 4Ð17 1Ð30 2Ð87 31Ð1 23 4Ð43 2Ð40 2Ð03 54Ð1
21 2Ð22 2Ð22 0 99Ð6

Normally tested Minimum p-value (asymmetry statistic) 0Ð405 Minimum p-value (Shapiro–Wilks) 0Ð679

(95% confidence level) of deviation from a normal
distribution N ¾ (�, �).

In the case of small scars (Figure 5A), deviation
is described as N ¾ (59Ð02, 20Ð81). Considering a
confidence interval of 90%, the minimum scenario (Smin)
is described for the 95th percentile corresponding to
a deviation of 99Ð6%; whereas the maximum scenario
(Smax) is defined by the 5th percentile corresponding to
a deviation of 31Ð1%. The medium scenario (Smed) is
defined by the expectation value (i.e. the mathematical
expectation) and corresponds to 59Ð0%. In the case of
large scars (Figure 5B), deviation is described as N ¾
(49Ð85, 23Ð75), defining a minimum scenario (Smin) with
a deviation of 86Ð5%, a maximum scenario (Smax) with
a deviation value 14Ð6%, and a medium scenario with a
deviation of 49Ð9%.

Figure 6 shows the deviation rate between the expected
heights for the three scenarios defined and the modeled
results of peak discharge ranging from 20 to 200 m3 s�1.
As can also be seen from Figure 6, peak discharge values
correspond with the minimum deviation rate for Smin

at 67 m3 s�1 (deviation D 1Ð9%; variance D 0Ð39 m);

Figure 6. Definition of peak discharge of the 1997 flash flood event based
on minimum deviation rates for each of the scenarios (Smin, Smed, and

Smax). (For details see text)

whereas for Smed, the smallest absolute deviation rate is
obtained with a peak discharge of 79 m3 s�1 (deviation D
1Ð2%; variance D 0Ð39 m), and at 95 m3 s�1 (deviation D
1Ð0%; variance D 0Ð50 m) for Smax. Based on this data,
peak discharge of the 1997 flash-flood event at Venero
Claro is estimated to 79 š 14Ð4 m3 s�1 with an average
deviation between expected heights and modeled water
surface of 1Ð15%.

Figure 5. Density and distribution functions of deviation between scar height and water tables of Qsub for both small (A) and large scars (B). Statistical
analyses were carried out with the MATHCAD software (http://www.ptc.com/products/mathcad/)
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Figure 7. Absolute deviation (in m) of PSI as observed on tree trunks and their relation with water depth, flow velocity, and stream power for the
estimated 1997 event

Relation between scar height and water depth, flow
velocity and power stream

Figure 7 illustrates the relationship between the devi-
ation rates obtained and scar sizes with hydraulic
characteristics such as water depth, flow velocity, and
stream power for the estimated peak discharge. Notewor-
thy, scar sizes showed trends in their pattern of distribu-
tion. In 65% of the cases, large scars were identified in
trees located in more upstream positions as compared to
trees with smaller scars.

Deviation between the water table and scar heights
was between �0Ð88 and C1Ð35 m, resulting in an aver-
age deviation of �0Ð09 m (� D 0Ð53). Small deviations
(<0Ð2 m) were observed in 52% of the cases. Most of
these trees grow at sites which are quite exposed to the
flow, i.e. especially in the reach with the steepest slopes
and unruffled bedrock where specific kinetic energy tends
to be higher as well.

The maximum simulated stream power was close to
950 W m�2 and modeled in the central part of the
channel where water depth and flow velocity are the
highest. In the case of scar formation in trees, stream
power values are expected to be much lower, possibly
<10 W m�2. However, stream power data did not reveal
a significant relation with deviation rates or scar sizes.

DISCUSSION

In this paper, we have presented a combined approach
using different flash flood stage scenarios based on PSIs

on trees and 2D hydraulic models to estimate peak
discharge of a palaeoflood in an ungauged mountain
torrent in the Spanish Central System. Modeling was
performed on a highly accurate topography obtained
through a detailed survey with a TLS of the study reach.

The methodology presented here represents a novel
approach for research focused on palaeodischarge esti-
mations and one of the first attempts to use scars on trees
for magnitude reconstruction of flood events and in more
than 1D (see Egginton and Day, 1977; Yanosky and Jar-
rett, 2002). In addition, this study was also the first to
combine scars on trees with accurate 2D hydraulic mod-
els, which certainly helps to improve the understanding
on how scars on trees can be used as PSI in palaeohy-
drology.

The main contribution of this study was the definition
of different scenarios based on scar size and the rela-
tionship between peak discharges needed to submerge all
PSI (Qsub). This approach has also allowed quantification
of uncertainty associated with peak discharge estimates
in high gradient streams based on tree scars. Despite the
good agreement of field and model results, some method-
ological issues related to the hydraulic model as well as
the complexity of flash-flood processes studied and their
relationship with scar generation on trees merit further
discussion.

In the present case, the simulation of peak discharge
was carried out with a 2D hydraulic model running on an
accurate topography obtained with a TLS, which proved
to be especially useful for flow estimation over complex

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 970–979 (2011)
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surfaces (Denlinger et al., 2002; Baker, 2008). Although
roughness coefficients could not be calibrated along the
main channel due to lacking data, the uniformity of
bedrock present in the study reach greatly helped the
assignment of Manning’s values (Kidson et al., 2006) as
well as the elimination of inaccuracies due to topographic
changes resulting from process dynamics (Webb and
Jarrett, 2002).

The approach presented is also consistent with the
classical debris transport theory (Aristide et al., 2006;
Mintegui et al., 2006). At Venero Claro, a torrent char-
acterized by a steep gradient, large scars have been
observed at lower heights as compared to small scars,
which interpreted the result of the gradation in size of
debris transported. In our case, debris mainly consisted
of boulders and woody debris: it was transported by
the flash flood through saltation and bed load (Bodoque
et al., 2006). Webb and Jarret (2002) suggest that woody
debris can be transported partially submerged, which
could explain the dispersion on deviation. Another reason
for scars located above the actual water stage level could
be caused by the deposition of woody material around
stems during the flash flood and a subsequent localized
super-elevation of the flow (Darby, 1999; Carling et al.,
2002). Last but not the least, it is also possible that elon-
gated scars were generated by a longitudinal propagation
of cambium tissue and fiber damage and could therefore
have resulted in upper limits of scars above the actual
flow level. On the other hand, it is also possible that our
approach underestimates peak flow in case when scars
would be formed before or after peak flow at the study
reach. However, based on our observations, we agree
with Gottesfeld (1996) that flood scar formation is most
likely to occur during peak stages. A comparison of PSI
with HWMs data may help to answer the above ques-
tions. In the present case, however, such a comparison
was not possible as evidence of HWM (Williams and
Costa, 1988; Jarrett and England, 2002) is no longer vis-
ible at the study site.

The approach presented in this study is based on
the deviation between maximum scar heights and data
from hydraulic model runs. The minimum peak discharge
needed to submerge all PSI (Qsub) was defined at
145 m3 s�1. Scars on trees are used here as PSI and
therefore it indicates the flood level that has been
exceeded during a given flood (Baker, 2008). Rather
than using a single value for the definition of this
peak discharge reference (Qsub), we hypothesize that
flood marks may eventually occur above or below
the flood level. This hypothesis is in agreement with
results obtained by Gottesfeld (1996) or Yanosky and
Jarrett (2002), who studied the relationship between scar
distributions on trees and adjacent HWM.

Therefore, the comparison of modeled hydraulic
parameters with scar generation illustrates that there is
no relationship between stream power and the deviation
obtained; this is probably due to the fact that affected
trees were placed on banks where stream power was
much lower (<10 W m�2). In this sense, the geomorphic

position of trees appeared as the main factor explaining
this deviation. Better fits (<0Ð2 m) were found for
(i) trees in exposed positions with respect to the flow
direction, (ii) locations with higher flow velocities and for
(iii) lower water depths. In contrast to Gottesfeld (1996),
we cannot see any relationship between lateral tree posi-
tion and deviation, as the incisions present at the study
reach prevented tree growth in lateral positions.

Our results also show a deviation between scar height
and water table between �0Ð88 and C1Ð35 m. Twelve
scars (52% of cases) are within an acceptable devia-
tion of š0Ð2 m and the entire scar population defines
an average deviation of �0Ð09 š 0Ð53 m. These values
are comparable to those obtained by Yanosky and Jarrett
(2002) in a high-gradient stream where observed devia-
tions between scar heights and HWM ranged from �0Ð6
to 1Ð5 m. However, similar to our case, more than half
of their scars were within š0Ð2 m as well. In contrast,
our deviation results are more important than those pre-
sented by Gottesfeld (1996) for torrents with lower stream
gradients in British Columbia (i.e. 0Ð196 š 0Ð03 m).

Based on the above considerations, a peak discharge
was estimated for the 1997 event at Venero Claro
and assessed at 79 š 14 m3s�1, with an uncertainty
in the rank of 18Ð8%. Following Jarrett and England
(2002) this value is within the acceptable limits of
palaeoflood discharge estimates based on mean PSI.
Compared to the flow data series available at Venero
Claro, the reconstructed peak discharge of the 1997
flash flood suggests an event almost four times larger
than the biggest event on record as the instrumentation
of the torrent in 2004 (i.e. 20Ð3 m3 s�1; Ballesteros
et al., 2010a), and is assigned a yearly exceedance
probability of 0Ð02 according to CEDEX (2009). Despite
of the high exceedance probability associated to our
results, field recognition allowed to report a heavy flood
impact in the river corridor (Dı́ez, 2001), especially
in the upper half of the basin. In agreement with
Montgomery and Buffington (1997) or Rickenmann and
Koschni (2010), we believe that this discrepancy between
the peak discharge estimated at the study reach and
field observations in the upper half of the basin are
closely related to the evolution of hydrologic processes
between the headwaters (i.e. diffusion to debris-flow
dominated processes) and the lower parts of the basin (i.e.
predominantly fluvial processes). On the other hand, the
existence of a small reservoir and several small bridges
upstream of the study site could also have helped to
reduce peak flow at the study reach.

CONCLUSIONS

In this paper, we have shown that peak discharge of
palaeofloods in ungauged mountain catchments can be
realistically estimated by coupling dendrogeomorphic
techniques with 2D hydraulic models. The approach pre-
sented is based on the definition of different scenarios and
has allowed to obtain results with acceptable uncertainly,
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thus resulting in valuable data which will ultimately help
to further improve our understanding of flash flood pro-
cesses in mountain regions of the Mediterranean area.

This paper has also made a first step towards the use of
scar-size gradation in palaeoflood discharge estimations
and on how they can be used for the evaluation of
hypothetical impact heights. Although, more research is
needed to relate, e.g. scar generation with HWM, we were
able to illustrate that the geomorphic position of trees
plays a pivotal role for the understanding of deviation
rates obtained and proved to be one of the key factors to
be taken into account in sampling strategies for flood
studies based on tree-ring series. Future comparisons
between scar height and data from debris lines, video
evidence of floodwater heights, as well as the transport
characteristics of woody debris will ultimately help to
clarify some of the issues presented here.
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(Castilla-Leon), in particular forester J. L. Galán.

REFERENCES

Aldridge BN, Garrett JM. 1973. Roughness coefficients for stream
channels in Arizona. U.S. Geological Survey. Open-File Report 73-
0003; 87.

Alestalo J. 1971. Dendrochronological interpretation of geomorphic
processes. Fennia 105: 1–140.

Aristide M, Mao L, Comiti F. 2006. When does bedload transport
begin in steep boulder-bed streams? Hydrological Processes 20(16):
3517–3533.

Baker VR. 2008. Paleoflood hydrology: origin, progress, prospects.
Geomorphology 101: 1–13.

Baker VR, Webb RH, House PK. 2002. The scientific and societal
value of paleoflood hydrology. In Ancient Floods, Modern Hazards:
Principles and Applications of Paleoflood Hydrology. Water Science
and Application, Vol. 5, House PK, Webb RH, Baker VR, Levish DR
(eds). American Geophysical Union: Washington, DC; 1–19.

Ballesteros JA, Stoffel M, Bodoque JM, Bollschweiler M, Hitz O, Dı́ez-
Herrero A. 2010a. Changes in wood anatomy in tree rings of Pinus
pinaster Ait. following wounding by flash floods. Tree Ring Bulletin
66(2): 93–103.

Ballesteros JA, Stoffel M, Bollschweiler M, Bodoque JM, Dı́ez-Herrero
A. 2010b. Flash-flood impacts cause changes in wood anatomy of
Alnus glutinosa, Fraxinus angustifolia and Quercus pyrenaica. Tree
Physiology 30(6): 773–781.

Benito G, Rico M, Sánchez-Moya Y, Sopeña A, Thorndycraft VR,
Barriendos M. 2009. Assessing the impact of late Holocene climatic
variability and human impact on flood hydrology: the Guadalentin case
study (SE Spain). Global and Planetary Sciences 70(1–4): 53–63.

Benito G, Thorndycraft VR (eds). 2004. Systematic, Palaeoflood and
Historical Data for the Improvement of Flood Risk Estimation,
Methodological Guidelines . CSIC: Madrid; 115.

Benito G, Dı́ez-Herrero A, Fernández de Villalata M. 2003. Magnitude
and frequency of flooding in the Tagus basin (Central Spain) over the
last millennium. Climatic Change 58: 171–192.

Bodoque JM, Dı́ez A, De Pedraza J, Martı́n JF, Olivera JF. 2006.
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