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Abstract. High-resolution topographic data expand the po-1 Introduction

tential of quantitative analysis of the earth surface, improv-

ing the interpretation of geomorphic processes. In particularChannel bed morphology, resulting from the interactions be-
the morphologies of the channel beds of mountain streamgween hydrology, topography and sediment supply, is sensi-
which are characterised by strong spatial variability, can belive to climate changes, land use changes, and to disturbances
analysed much more effectively with this type of data. In (natural or anthropogenic) in the upstream river network. Ac-
this study, we analysed the aerial LiDAR topographic data ofcordingly, the study of channel morphology provides infor-

a headwater stream, the Rio Cordon (watershed area?f km mation on the influencing processes mentioned above.
located in the Dolomites (north-eastern ltaly). The morphol- Small high-gradient streams in mountainous areas have a
ogy of the channel bed of Rio Cordon is characterised bycomplex and dynamic morphology, strongly influenced by
alternating step pools, cascades, and rapids with steps. W&e topographic ruggedness of the basin and the spatial vari-
analysed the streambed morphology by means of ad hoc debility of sediment supply. Geomorphic processes, such as
veloped morphometric indices, capable of highlighting mor- debris flows and landslides are widespread and frequent in
phological features at a high level of spatial resolution. Tomountainous basins, and they often interact with the chan-
perform the analysis and the data interpolation, we carriedels. These extrinsic episodic processes have a quite imme-
out a channel-oriented coordinate transformation. In the nevgliate effect on local bed morphology.

coordinate system, the calculation of morphometric indices The characterisation of topography and morphology of

in directions along and transverse to the flow direction ismountainous channels, the assessment of changes caused by
straightforward. Three geomorphometric indices were dedarge floods and the objective comparison between differ-
Ve|0ped and app“ed as follows: a 5|0pe index Computed orent channels require reliable data and procedures. However,
the whole width of the channel bed, directional variogramsguantitative studies of mountain streambed morphology are
computed along the flow direction and perpendicular to it, challenging both with regard to (1) the acquisition of exten-
and local anomalies, calculated as the difference between diive high-resolution topographic data and (2) difficulties in
rectional variograms at different spatial scales. Directionalclassifying complex stream bed morphology.

variograms in the flow direction and local anomalies have
proven to be effective at recognising morphologic units, such
as steps, pools and clusters of large boulders. At the spatial
scale of channel reaches, these indices have demonstrated
a satisfactory capability to outline patterns associated with
boulder cascades and rapids with steps, whereas they did not
clearly differentiate between morphologies with less marked
morphological differences, such as step pools and cascades.

1. The topographic survey of mountainous streams re-
quires collecting large amounts of data (Grant et al.,
1990; Wohl et al., 1997; Chin, 1999; Lenzi, 2001,
Milzow et al., 2006). Surveys carried out using tradi-
tional techniques, such as theodolite and stadia, may
lead to high-quality representations of channel-bed to-
pography, but are expensive and time-consuming. This
can be overcome by means of Airborne LiDAR tech-
nology, which makes it possible to quickly collect large
amounts of high-resolution topographic data, allowing
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2. The morphology of channel beds is characterised by a
hierarchical structure with features that can be recog-
nised at both the spatial scale of morphological units
(e.g., steps and pools) and of stream reaches (e.g., ste
pool sequences, cascade, and plane bed). The class
fication of stream reaches into unequivocally defined
classes is difficult when the channel bed morphology
is complex, with short channel reaches of different mor-
phologies and fuzzy transitions between them.

A geomorphometric approach, i.e., the quantitative study
of morphology (Pike, 2000; Hengl and Reuter, 2009), can
provide valuable elements for interpreting the complex mor-
phologies of mountainous streambeds and for handling the
subjectivity intrinsic in the classification of bed morpholo-
gies by means of field observations.

Airborne LIiDAR data have been widely applied in many
geomorphological fields, especially for studying landslides
(Glenn et al., 2006; Ardizzone et al., 2007) and sediment dy-
namics (Scheidl et al., 2008; Brown et al., 2009). In studies
on riverine environments, early applications of LIiDAR data
were mainly intended to provide improved DTMs for apply-
ing numerical flood models. Recent applications of aerial —  ——
LiDAR data to the analysis of fluvial environments include e -

the geomorphologigal mapping of gravel-bed rivers (Charl-ig. 1. Geographical location and shaded relief map of the Rio
ton et al., 2003), tidal channels (Mason et al., 2006) andcordon. The rectangle outlines the studied portion of the channel.
river valley environments (Jones et al., 2007), the evalua-

tion of river bank erosion (Thoma et al., 2005) and long-termgeing of the basin is rather complex: dolomite crops out in
changes caused by fluvial and debrls-flow_actwny (Magirl et the upper part, whereas in the central and lower parts vol-
al., 2005), the assessment of the slopes in headwater chagz ¢ conglomerates, sandstones and calcareous-marly rocks

nels (\_/ianello et al., 2009), the hillslope to va_IIey t_ransition crop out; moraines, scree deposits and landslide accumula-
(Tarolli and Dalla Fontana, 2009) and the delineation of thetions are also widespread.

water surface (Hfle et al., 2009).

In this stud h tic. indi derived f ¢ The basin presents a mean annual rainfall of approxi-
n this study, morphometric indices derived irom ter mately 1100 mm; precipitation occurs mainly as snowfall

rain analysis (Wilson and Gallant, 2000) and geostatisticsfrom October to April. Runoff is dominated by snowmelt
(Goovaerts, 1997) are used to characterise channel bed mor-

. . . _ h May and June; floods mostly occur in the summer and
hologies through the analysis of a high-resolution DTM ; ; ; ;
?cell s?ze 0.5m) gevelo od fr)(/)m aerial LigDAR data. We read early autumn. Vegetation cover consists mainly of mountain

: P ) grassland (60%) and widespread shrubs (15%), while forest

the gtrgambed morphology u;ing aq-hoc developeq morphoétands composed by spruce and larch are found only in the
metric indices capable of highlighting morphological fea-

) . 4 o .~ lower part of the watershed and occupy 6% of the total area.
tures at a high level of spatial resolution. Findings anising ;. eqetated areas (bare rock and scree) are common in the

fr°”? thtef.alrzjalys.:js of thetmorprorPe';;:c indices ar?j CheCke,?Epper parts of the watershed. No relevant artificial structures,
against 1ield evidences 1o evaluate the corresponaence Witg -, a5 check dams or channel lining are present along the
the morphological units classified by means of field observa—Chann els

tions. In this study, we consider the lower part of the main chan-
nel reach, starting from a rocky gorge in the central part of
2 Study area the basin, and ending at the basin outlet (Fig. 1). The anal-
ysed channel reach has a total length of 1625 m and ranges
The study area is the main channel of the Rio Cordon, an elevation from 2098 to 1818 m (ellipsoid height) (Fig. 2).
small stream in the Dolomites (Eastern ltalian Alps). The The drainage area varies from 2.23%at the upstream end
drainage basin of the Rio Cordon (Fig. 1) covers $kthe of the studied channel reach to 5kt its downstream end.
elevation ranges between 1763 and 2748 m a.s.l., with an av-enzi (2001) presented a classification of the channel bed
erage value of 2200 ma.s.l.; the average slopeis 3lbpes  morphology of the Rio Cordon and reported the geometric
that locally exceed 45are common, and subvertical cliffs parameters of step-pool structures, measured using a total
are present in the upper part of the basin. The geologicaktation. The classification of Lenzi (2001), also followed
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Fig. 2. Longitudinal profile and plan view of the studied channel reach, showing the classification of bed morphology.

in Cavalli et al. (2008), identified three morphologies in the classified as cascades. The presence of large woody debris
studied channel reach: a cascade reach at the outlet of tha the studied channel is very limited and does not influence
rocky gorge, two riffle-pool sequences, separated by a shorthannel morphology. The upper and lower ends of channel
“mixed” reach, and an alternation of step-pool and “mixed” reaches were checked using GPS, leading to slight differ-
reaches in the lower part of the stream. Although no rel-ences from the previous sequences of step-pool and mixed
evant changes in the morphology have occurred in the Riaeaches. Figure 2 shows a longitudinal profile of the studied
Cordon after the surveys reported by Lenzi (2001), the analchannel, with the classification of channel bed morphologies.
ysis of bed morphology was revised to achieve a more de-

tailed classification of channel reaches. The revised classifi-

cation envisages three main morphologies defined following3 LiDAR data

the channel-reach morphology classifications proposed by

Grant et al. (1990) and Montgomery and Buffington (1997): LIDAR and photographic data were acquired from a heli-
cascade, step pool and rapid with steps. Cascade reach€gpter using an ALTM 3100 OPTECH and a Rollei H20
are characterized by longitudinally and laterally disorganizeddigital camera. The survey was carried out in snow-free
bed material typically consisting of cobbles and boulders,conditions in October 2006, flying at an average altitude of
whereas step-pool reaches are characterized by longitudindi000 m above ground level. The flying speed was 80 knots,
steps formed by large clasts organized into discrete channethe scan angle 20 degrees and the pulse rate 71KHz. The
spanning accumulations that separate pools containing finefurvey design point density was specified to be greater than
material (Montgomery and Buffington, 1997). The cascadeb points/nf, recording up to four returns, including the first
reach at the outlet of the rocky gorge, which is characterisednd last. The shallow depth of water in the analysed stream
by abundant large boulders, was classified as a boulder cagt the time of the LIDAR flight (not exceeding a few tens
cade to better emphasize the coarse grain size of this cha®f centimetres) made it possible to survey the channel bed
nel reach. One of the two channel reaches previously classiwithout using a bathymetric LIDAR sensor. However, some
fied as riffle-pool was interpreted as a rapid with steps (Grang@ttenuation of the LIDAR signal has been observed in the
et al., 1990), characterised by an organisation of small andP00ls of step-pool reaches.

medium boulders into irregular ribs oriented perpendicular LIDAR point measurements were filtered into returns from
to the channel and exposed to low flow (Fig. 3), whereas thevegetation and bare ground. A bare ground dataset was gen-
second displays sufficiently defined steps and was ascribe@irated by eliminating non-ground points by manual editing,
to two neighbouring step-pool and stepped cascade reache§irough visual inspection of aerial photos and using 2-D
The term “mixed reach,” which identifies channel reachesplots (elevation versus distance along the channel, Fig. 4),
similar to step-pool sequences but with coarse particle barghich allows points located in vegetated areas to be iden-
deposited upstream of the boulder steps or adjacent to isdified. This approach, which is fairly time-consuming but
lated big boulders (Billi et al., 1998), was abandoned, andstill affordable thanks to the small extent of the analysed

the channel reaches previously classified as “mixed” werearea (81441f), was chosen because it permits a careful
control on the filtering process. Manual filtering removes
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Merwade et al., 2005; Legletier and Kyriakidis, 2007a). The
coordinate transformation was performed using spatial tools
available in most GIS packages, such as spatial queries, spa-
tial joins and shape discretisations. In the present study, we
used ArcGIS 9.3 (ESRI, 2008). The procedure is composed
of the following steps:

— Derivation of the centreline: this is computed as the line
equidistant from the two lines defining the boundary of
the domain. This line must be smoothed to avoid hav-
ing a radius of curvature less than the half-width of the
channel; otherwise it would not be possible to perform
the transformation (Goff et al., 2004; Legletier and Kyr-
iakidis, 2007b).

— Centreline discretisation: the smoothed centreline is
discretised as points with a close spacing (step of 1 cm),
ensuring a high-accuracy transformation of the coordi-
nate system.

Fig. 3. Picture of the rapid with steps reach.

misclassification errors (i.e., points falling on trees classified . . .
as ground), which would have appeared as strong local out- ~ Computation of stream-centred coordinates: in the new

liers from a geostatistical perspective. The filtering of less

obvious errors, like those related to instrumentation, is han-
dled during the interpolation sequence. The average density
of ground points was 5.46 pointsfimwith a standard devi-

system, the position of a given point in the river bed is

defined by an abscissa, RX, and an ordinate, RY. RX in-
dicates the distance (positive or negative depending on
the side) from the nearest point discretising the centre-

line. RY corresponds to the position of the nearest point

ation of 3.69. This value indicates that the manual filtering : T ; .
of discretisation on the centreline (Fig. 5).

approach can preserve the high density of the raw dataset.

Mean and median separations between ground points, de- The derivation of the centreline is quite straightforward in
termined with the nearest neighbour technique, are 0.19 anq']e Rio Cordon, which has a narrow channel with low sinuos-
0.17 m, respectively. ity. In the case of high sinuosity and wider streams (e.g., me-
andering rivers), the centreline derivation could require more
trials in the smoothing process, to get a curvature radius less
than half of the channel width.

The transformation of the coordinate system from a Carte-

. . o ) , sian to a stream-centred one has advantages both for the
This study required the definition of the spatial analysis do'interpolation (i.e., DTM generation) and for spatial analy-

main, which corresponds to the chanpel bed, by Qellneatln%isl DTM interpolation on the stream-centred coordinate sys-
the lower edges of the banks. Elevation data falling on theie, 510ws the various parameters and models (variogram
channel banks, which could bias the interpolation and com-,isqropies, search ellipse, trend calculation) to be adjusted
putation of morphological indices, were excluded from thein a system in which the main directions, along and trans-

analysis. L _ _verse to the stream flow direction, have a sound physical ba-
In order to digitise and georeference in a GIS the outline Ofg;g |y the transformed coordinate system, the calculation

the channel bed, different thematic layers were analysed ing¢ iractional morphological indices in directions orthogonal
teractively with the support of aerial orthophotos with a hor- 4 parallel to river flow becomes straightforward, and in-

izontal resolution of 0.15m. The edges corresponding 10 th&yices evaluating the asymmetry of bedform organisation with
feet of the banks were detected using maps of shaded reliefggnect o the centreline can be easily calculated. Moreover,
slope, roughness (Cavalli et al., 2008) and openness indey,q gtream-centred coordinate system emulates the viewpoint

(YOKOYama et al., 2_002_)' These maps were derived_ from &y the expert in the field, who surveys a river channel taking
preliminary DTM with pixels of 0.5mx0.5m. The derived 5 the main directions the flow direction of water (channel

channel bed outline ranges in width from 1.5 t0 10.5m, with ;1) and the direction orthogonal to it (cross-sections).
a mean value of 5m (first and third quartiles of 4 m and 6 m).

Subsequent processing of LIDAR data was performed o2 DTM derivation
a transformed coordinate system (Fig. 5). Spatial analysis in
transformed coordinate systems has found many applicationshe DTM was derived via ordinary block kriging interpola-
in the field of geostatistical geomodelling, in environmen- tion, with a pixel size of 0.5m. The DTM resolution was
tal geostatistics, and in river geomorphology (Deutsch, 2002chosen taking into account the spatial density of LiDAR data

4 Methods

4.1 Domain delineation and coordinate transformation
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Fig. 4. Elevation of LIiDAR points in a sample area of the study domain, plotted along the centreline of the dagnNeh-ground points
(highlighted in a and i), which correspond to trees, are easily recognizable, and can be expunged from the dataset.

and the need to describe local (i.e., large-scale) morphologithe interpolated DTM, i.e., removing the trend. The surface
cal features. The high data density (5.46 poin®&/allowed  of residuals represents the high-frequency spatial variability
us to use a simplified interpolation approach, avoiding thecomponent of the streambed morphology. The trend surface
use of more complex procedures, such as universal krigingvas derived by means of a local polynomial approach, fit-
or local kriging (Stroet et al., 2005). ting a planar model in a moving window covering the whole
Block kriging interpolation was carried out using an el- width of the stream for a length of 10 m in the direction of
liptical search window with a semiaxis of 1 m in the flow flow.
direction and of 2m across it. The short semiaxis in the The morphological indices were calculated within moving
direction of flow was dictated by the need to attenuate thewindows; the calculated value was attributed to the centre of
effect of trend, i.e., the downstream decrease of elevationthe window (Fig. 6). The indices were computed every 1 m
For the distances of interest, the variogram was modelleddlong the stream centreline, using moving windows covering
by a spherical variogram with a range of 4m and a sill of the whole width of the channel.
0.3n7? plus a nugget of 0.01fn We considered the nugget ~ Both the DTM resolution and the moving window sizes
as representative of measurement error and not of microvariwere chosen taking into account the sizes of the topographic
ability (Cressie, 1993), corresponding to white noise with afeatures being studied. The DTM cell size of 0.5m is suit-
standard deviation 0.1 m. The imposition of the nugget asable to correctly represent the step pools’ grain size, which
error permits us to filter out the white noise (i.e., not spa-is characterised in the Rio Cordon by a4Dof about 1 m
tially correlated) component of error measurement. Then, thélLenzi, 2001). Two different moving windows lengths (2 and
interpolation via block kriging, filtering out the intra-block 10 m) along the flow direction were used. The former (SW,
spatial variability, is capable of removing short-wavelength small window) was chosen to detect single morphological
spatially-correlated error. units or small-scale features like steps, small pools and boul-
The quality of the derived DTM was evaluated quantita- ders; the latter (LW, large window) can describe the average
tively by means of standard deviation maps, cross-validatiorsPatial characteristics of a longer stream reach covering more
results and maps, and qualitatively during the field sur-morphological units (the mean step-pool spacing reported by
veys visually comparing the shaded relief map with the reall-enzi (2001) ranges from about 2.5 to 5m), thus facilitating

streambed morphology. the recognition of morphological sequences.
The computation of the indices at regular intervals along
4.3 Morphometric indices the longitudinal channel profile, for windows covering the

whole channel width, makes possible to revert the 2-D anal-

Morphometric indices have been computed to characterisdSiS 10 @ 1-D issue, which can be tackled using time se-
the morphology of the channel bed of the Rio Cordon. Ex- /€S analysis (Malamud and Turcotte, 1999); the distance

cept for the local channel slope, which is calculated based oilong the stream centreline corresponding to time. An im-
elevation data, the other indices were calculated based on tHePrtant advantage arises in the interpretation of the indices,

residuals of elevation (Wooldridge and Hickin, 2002; zim- Which can be plotted as a profile along the channel, making
mermann et al., 2008; Trevisani et al., 2009), which werelt straightforward to visually compare with the topographic

derived by removing the large-scale spatial variation from¢channel profile and morphological classification.
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Fig. 6. (a)the SW (blue) and LW (red) moving windows are super-
posed on the surface of residua(b) a sketch of the computation
of directional variograms via SW windows is presented.

Fig. 5. Coordinate transformation from a geographi¢a) to a

stream-centred systefh). ) o
A step toward a finer characterisation of channel-bed mor-

A number of trials on different indices and computation phology is the calculation of directional variograméh) (1)

parameters have been carried out to select the indicators t@r the shortest lag (0.5m) (Fig. 6).
analyse the morphology of the Rio Cordon. The tested in-
dices span from terrain analysis indices, such as directional
slope and directional curvature, to spatial statistical indices,y
such as directional variograms calculated at different lags
and para}meters of variogram models fitted on e>'<perimenta\INith y(h) =y (—h)
local variograms (Butler et al., 2001). The selection of geo- . : . .
ST As outlined in Eq. (1), the variogram gives, for each value
morphometric indices has been based on a balance of com- . .
plexity and informative content. of the vectorh, an estimate of the half-mean squared differ-

One basic morphometric index is the longitudinal sIope,ences between té couples of points (u,) separated by the

e : . ._'vectorh. Thus, the variogram, for a specific lag, gives a mea-
calculated by fitting a line, via least squares, to the elevation . - ) . .
: . : sure of spatial variability functional to separation distance,
versus RY-coordinate plot. The regression was carried out on — .
) ; - . : . _1.e., a scale-dependent directional roughness index. The var-
the subset of points falling within each moving window. This .

index, when calculated within SW (SW slope), can detect lo./09ram was calculated along the RX and RY directions. The

cal features of channel bed morphology. When calculated’ ?g)(()g;z:nthcslﬁu:;fji?I:)ens?sg\r(]éelzlgﬁi6%;?3;; VrIZVn:e\(/jaIELSez
on LW (LW slope), it gives overall information on the hy- proxy y 9 9

. . : o indicate higher flow resistance). The variogram calculated in
draulic energy of the investigated reaches. It is important to L . S

: . the directions orthogonal to the river flow (RX) is intended
stress that the slope index is not calculated along the centre-

line of the channel, but considers the whole channel width,.o give information on the transverse organisation of the sed-

and is thus able to synthesise the average slope of the 2- ent. The calculation of the indices was performed via

. ; Lf'j\d hoc routines developed inside the open-source statistical
channel on a 1-D representation. The effectiveness of a 1- rogramming and graphics environment R (R Development
representation considering the whole channel width for mor+r°9 9 grap P

ﬁore Team, 2009). For variogram calculation, some of the

phologlcal analysis on step pool channels was demonsirate unctions of the Gstat R packages were used (Pebesma et al.,
in a flume study by Zimmermann et al. (2008). The authors%004)

used average long profiles, constructed by averaging the be ) ) . .
A great improvement in the readability of the direc-

elevation across the channel for different cross-sections, to, I : i b hieved b leulating |
objectively classify step pool units. tional variograms index can be achieved by calculating lo-

cal anomalies4) as the difference between the variograms

N(h)

(h) D lz(ue) — (e +1)1 (€Y
a=1

2N

Hydrol. Earth Syst. Sci., 14, 39305 2010 www.hydrol-earth-syst-sci.net/14/393/2010/



S. Trevisani et al.: Reading the bed morphology of a mountain stream 399

calculated in small and large windows (a method analogous - to check the correspondence between the results of dig-
to the sharpening technique applied in image processing): ital terrain analysis and ground truth.

A=ysw—nw () The revised classification of channel-bed morphology of the
In Eq. (2), the value of the variogram on LW is calculated Rio Cor.don has been presented in the description of the study
from the original data, but similar results can be obtained@€@ (Figs. 2.and 3). _ 3

(the differences are related to the different cardinalities of 1€ field survey aimed at evaluating the capability of the
data encountered inside the moving windows) by calculating™0rPhometric indices to depict morphological features of
it, by means of moving averages, directly from the time series"® channel bed was conducted using mobile GIS software
of the variogram calculated on SW, which represents the sig{ESRI ArcPad 7.1) installed on a rugged tablet PC with GPS.
nal at the highest possible resolution. The interpretation of! N€ thematic layers of the GIS were as follows:

the local anomaly is straightforward: it determines whether

the local variability on SW is higher or lower than the mean Orthophoto at a high resolution (0.15m);

variability calculated on LW. This approach can be gener- _ Shaded relief maps of the DTM;
alised to a multiresolution analysis by increasing the size of _ _
the windows. 1fS(z,) is the discrete time series representing — Residuals of the interpolated surface;

the analysed signal (here the variogram calculated on SW for
a lag of 0.5m), defined at timeg(r, = ns; n=1, 2, 3...N;
where$ is the time step, and/ the number of time steps),
the local anomaly at the level of resolutignA;(z,), can be
derived as:

— Contour lines.

Longitudinal profiles of the calculated indices (directional
variograms and local anomalies) were used for a field com-
parison with morphological features of the channel.
Ai(tn) =m (A, S(tn)) —m(r141, S(1)), 3)  The mobile GIS integrated with GPS made it possible to
identify in the field the exact position along the centreline in
wherem (4, $(t,)) indicates the moving average process of the transformed coordinate system. The survey of the main
the signalS(z,) centred at every time step within mov-  channel of the Rio Cordon allowed us to compare values
ing windows of size.;, wherei; =A1,42,43,...,A, indicate  of the proposed morphometric indices with actual channel-
windows of increasing size up to the level of resolutian bed morphology. Furthermore, the representativeness of the
According to this formulation, the anomalies are calcu- | iDAR-derived DTM was visually checked during field sur-
lated at different scales: by increaSing the size of the Win-veyS, paymg particu|ar attention to the areas where a deteri-
dows it is possible to analyse the characteristics of the signagration of LIDAR data quality or density could be expected

at lower frequencies. This approach gives similar results, aj e., vegetation and pools with relatively deep water).
least for the datasets analysed in our case studies, to an anal-

ysis performed via wavelets (Lark and Webster, 1999; Per-

cival and Walden, 2000), and, thanks to its simplicity, could 5 Results

be preferred to wavelets for an explorative analysis of data. .

For other tasks, such as image segmentation, signal compre§igure 7 presents the slope calculated on SW (Fig. 7a) and

sion and pattern recognition, wavelets analysis, after a care=W (Fig. 7b) along the channel profile. The patterns on

ful choice of wavelet type and calculation parameters, is necth® graphs of the SW and LW slopes are similar, with the

essary. strongest oscillations of slopes !oca.ted in the boulder cgscade
In this case, to get a more smoothed signal, we used seach and the lowest at the rapid with step reach. Obviously,

modified version of Eq. (3), practically calculating the means the spatial variability qf slope a'n'd its range of'variatiorjs are
at a given level from the means of level— 1 and not from larger for SW, due to its capability to detect high detail fea-

the original signal: tures._ Negative yalues are visible in the plot of SW slqpe.
Negative slopes in step pool reaches correspond to a rise of
A1(tn) =mO,mi—1(tn)) —m i1, mi(t,)) (4)  the channel bed at the downstream end of pools; in the boul-

der cascade reach and the cascade reaches, these are mainly
related to the presence of scattered large boulders.
4.4 Field surveys The slope index is useful for a general characterisation of
the channel profile and should be used preliminarily to the
Field surveys were carried out with two main objectives: geostatistical indices, which focus more closely on channel
bed roughness.
— to revise the previous classification of channel bed mor-  The directional variograms calculated along the RX and

phology (Billi et al., 1998, Lenzi, 2001, Cavalli et al., RY directions for a lag of 0.5 m are presented for SW (SWG)
2008) for achieving a more detailed identification of and Lw (LWG) in Fig. 8.

morphological sequences;

with mo(t,) = S(t,,)
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Fig. 7. Longitudinal slope [m/m] calculated on SW and LW, plotted along the centreline of the streambed.

The overall patterns of the RX and RY variogram graphs clear spikes related to the step-pool sequences, and to
are similar, although the RX variogram is generally more the presence of large boulders. In this section, an al-
scattered, especially in the lower part of the channel. This ternating sequence of step-pool and cascade reaches is
could be related to the fact that the transverse organisation  present, with a morphology strongly influenced by lat-
of the sediments, also given the limited width of the stream, eral tributaries and the deposits of debris-flows.

is not clearly distinctive for the different morphologies. Ac-
cordingly, the discussion will largely focus on the analysis
of variogram-based indices calculated along RY (Fig. 8c an

d).

Figure 9 presents multiscale local anomalies (Eq. 4) of
ORY together with the original signal (bottom, Fig. 9a), rep-
resented by the SW variogram along RY (SWGand the
remaining smoothed signal (Fig. 9f), in a format analogous
In the upper part of the profile (from 0 to 250 m), which to the one used in wavelet analysis. The main patterns vis-
mostly corresponds to the boulder cascade reach, théble in the anomaly graphs persist along the first three lev-
variability is very high. The highest values are observedels of resolution, while in the fourth level the structure is
in the upper 150m, where the Rio Cordon flows be- quite simplified. The smoothed signal (Fig. 9f, moving win-
tween steep rocky slopes. Here large boulders accumudow of 80 m), which can be interpreted as a simplification of
lated by rockfalls cause a high roughness of the channelthe original signal (Fig. 9a), outlines the main patterns just
bed surface. described for SW¢. In the present study because of our
jnterest in characterising the morphology at the finest possi-
From 250 1o 480 m, the roughness of the_ step pool an le scale, we are especially interested in the anomalies at the
cascade reaches is markedly lower than in the LJpStrearHighest level of resolution (Fig. 9b, anomaly Al). Even if the
boulder cascade reach. interpretation of the signal is similar to that of the variogram

In correspondence to the rapid with steps reach and pa@" RY computed on SW in the anomaly plot, the zones of

of the cascades reaches from 480 to 630 m, the variabildifferent variability are more distinct. Peculiar patterns and
ity is very low. values observed in the plot of anomalies at high resolution,

o ~ in combination with slope and variogram indices, have been
From 630 to 750 m, the variability increases again, with checked in the field, looking for corresponding features in
the presence of definite spikes (cascade and step-po@hannel bed morphology (Fig. 10).

reaches). Figure 10a depicts a detail of the upstream part of Rio Cor-

From 750 to 980 m, the graph appears less variable (irﬂon, classified as a boulder cascade, which is characterised
the same zone the ’RX variogram graph is still quite er- y a scattered pattern with a wide range of variation and the

ratic); this happens in correspondence to a quite Ior]gpresence of marked positive spikes. In Fig. 10.b., two mod-
cascade reach. erate negative peaks separated by a strong positive peak rep-

resent, respectively, the smoothed shapes of two pools and
In the remaining part of the stream profile, a succes-the high variability of the step. Figure 10c shows a pattern
sion of high and low variability zones is present, with of anomalies characterised by small variations and by a quite
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Fig. 8. RX and RY directional variogram values calculated on SW and LW for lag 0.5 m.

symmetric distribution of positive and negative anomalies inclasses by means of morphological indices of roughness
the reach classified as a rapid with steps. Here steps built bipased on LiDAR-derived DTM. The analysis was conducted
relatively small grain size material are very low and short: by pooling all channel reaches belonging to the same mor-
this explains the plane trend in the anomaly graph. The highphological class. The comparison between different mor-
est positive peaks in the lower part of the channel are indeeghological classes demonstrated that roughness indices of
related to significant structural roughness features, such athe channel bed surface have significantly different values
boulder clusters and big steps (Fig. 10d and e). In Fig. 10dfor different morphologies. In the present study, a geostatis-
the isolated strong positive spike represents the big step visitical approach has permitted an enhanced representation of
ble in the photo. In Fig. 10e, an isolated step pool appears athe spatial variability of channel bed morphology, allowing
negative peaks divided by a strong positive peak. the recognition of even single morphological units.

The pattern and range of variation of the anomalies repre-
sent the different character of the analysed stream portion ang Conclusions
can detect particular morphological units, like step pool se-
quences shown as negative peaks divided by a strong positiv?he main outcomes of the geomorphometric analysis of

peak. In the Rio Cordon, the pools, highlighted by negative ;51 ne| hed morphology of the Rio Cordon are reported be-
anomalies, can be considered as the more distinctive featurgg,,

between the different channel bed morphologies, whereas

clear ppsitiye anomalies can be found in all morphologies, _ Working in a river-centred coordinate system was very

but rapid with steps. useful for both the interpolation procedure and the ge-
The field observations summarised above show thatthe in-  omorphometric study. The transformed coordinate sys-

dex is also quite robust in the presence of an articulate mor-  tem makes is feasible to calculate directional geomor-

phology. A previous study on the channel bed of the Rio Cor- phometric indices in the main process-based directions

don (Cavalli et al., 2008) analysed the main morphological and permits us to synthesise the 2-D spatial information
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according to a 1-D data representation, easily inter- — The variogram computed in the direction of flow on

pretable by means of various graphical, statistical and
analytical tools.

A slope index computed for the whole width of the
channel bed using moving windows of different sizes
makes it possible to depict the variability of slope along
the channel profile, including the presence of negative
slopes, mostly associated with pools in step-pool chan-
nel reaches.

Hydrol. Earth Syst. Sci., 14, 39805, 2010

the residuals of the DTM clearly shows changes in to-
pographic variability along the streambed profile that
depend on the different morphologies of the channel
bed. Plots of local anomalies, computed as the dif-
ference between directional variograms calculated in
small and large moving windows, enhance the high-
detail variations in the topographic roughness of the
channel bed. The field check has shown a satisfactory
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