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Abstract. High resolution radar rainfall fields and a dis- 1 Introduction

tributed hydrologic model are used to evaluate the sensitivity

of flash flood simulations to spatial aggregation of rainfall Rainfall is the primary input to most hydrological systems,
at catchment scales ranging from 10.5dm 623 knf. The  and a key issue for hydrological science and practice is to
case study focuses on the extreme flash flood occurred oassess the importance of the spatial structure of rainfall and
29 August 2003 on the eastern ltalian Alps. Four rainfall its representation for flood runoff generation. This problem
spatial resolutions are considered, with grid size equal to 1-js particularly important for the case of flash flood events,
4-, 8- and 16-km. The influence of rainfall spatial aggrega-which are characterised by high space-time variability both
tion is examined by using the flow distance as a spatial co4n the rainfall forcing and in the hydrologic response (Creutin
ordinate, hence emphasising the role of river network in theand Borga, 2003). The influence of rainfall representation on
averaging of space-time rainfall. Effects of rainfall spatial the modelling of the hydrologic response is expected to de-
aggregation are quantified by using a dimensionless parampend on complex interactions between the rainfall space-time
eter, represented by the ratio of rainfall resolutidn )(to variability, the variability of the catchment soil and land-
the characteristic basin length (), taken as the square root scape properties, and the spatial scale (i.e. catchment area)
of the watershed area. Increasing the/L,, parameter in-  of the problem (Obled et al., 1994; Woods and Sivapalan,
duces large errors on the simulated peak discharge, with valt999; Bell and Moore, 2000; Smith et al., 2004). The liter-
ues of the peak discharge error up to 0.33ffpfL,, equal to  ature addressing this problem includes quite heterogeneous
1.0. An important error source related to spatial rainfall ag-approaches in terms of the methodologies adopted and con-
gregation is the rainfall volume error caused by incorrectly clusions drawn from the analyses (Nicotina et al., 2008).
smoothing the rainfall volume either inside or outside of of | general, when addressing the problem of the sampling
the watershed. It is found that fdr. /L., <1.0, around 50%  scale effect, it is found that the measured (apparent) vari-
of the peak discharge error is due to the rainfall volume errorapility of spatially-continuous fields depends on two terms:
Remaining errors are due to both the distortion of the rainfallextent and support (Bschl and Sivapalan, 1995). “Ex-
spatial distribution, measured with respect to the river netent” refers to the overall coverage of the data (the watershed
work, and to the reduced spatial variability of the rainfield. s¢cale, given by_,,, root square of the watershed area); “sup-
Further investigations are required to isolate and examinethgort" refers to the resolution area (the aggregation length,
effect of river network geometry on the averaging of space-;, .y Based on theoretical and empirical evidence, it is found
time rainfall at various aggregation lengths and on simulatedhat the apparent spatial variability of the rainfall field repre-
peak discharges. sented at some aggregation scale decreases with decreasing
the “extent” and with increasing the aggregation length. The
first effect is a logical consequence of the existence of spatial
correlations: for a given aggregation length, the smadllgy

the closer the data and, thus, the closer their values. The sec-
ond effect arises because dispersion within a fixed domain
L., decreases as the suppbytincreases: the rainfall values
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—Legend " tonian runoff generation with high intensity rainfall events
Eaameauges 4'& emphasise the role of surface runoff and river network ge-
Demmast o DR » : ometry in the averaging of space-time rainfall (Norbiato et
S €' ¢ al., 2008). In this case, the concept of flow distance, i.e. the
distance along the runoff flow path from a given point to the
outlet, may provide a useful metric to examine the influence
of rainfall resolution on runoff modelling (Woods and Siva-
palan, 1999). The dampening effect arises here because the
- excess rainfall generated at points placed at equal flow dis-
b tance will be averaged out in the runoff propagation process,
in spite of the rainfall spatial variability. The averaging of
space-time rainfall fields across locations with equal flow
/ distance coordinates may be sensitive to the spatial resolu-
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tion of the rainfall representation and as such it may explain,
= at least partially, the pattern of runoff model sensitivity to
- rainfall resolution.

These concepts are examined in this study with reference

Fig. 1. Location of the OSMER radar and the Fella river basin at .
Moggio Udinese with topography of North-eastern Italy. The loca- 'tO the flash flood event which occurred on 29 August 2003

tions of the raingauge stations used in the study are also reported? the Fella river basin (eastern Italian Alps). The regional

The dotted line rectangle represents the area used for the analys890d response of the Fella river basin is examined in terms
of rainfall spatial variability reported in Fig. 3. of space—time rainfall variability and heterogeneous land sur-

face properties. A distributed hydrologic model, which in-
cludes an empirical infiltration model and a network-based
Increasing the aggregation length leads not only to a rerepresentation of hillslope and channel response, plays a cen-
duction of the rainfall apparent spatial variability. It has tral role in examining the regional flood response. Detailed
been found (Ogden and Julien, 1994; Winchell et al., 1998;0bservations from a weather radar are used to estimate the
Segond et al., 2007) that when the rafip/L,, exceeds a rainfall forcing (Borga et al., 2007). To elucidate the controls
certain threshold, the uncertainty in the location of precipi- of rainfall spatial aggregation on model error, the distributed
tation over the catchment becomes a major source of errohydrologic model is applied over ten different sub basins
in rainfall volume estimation at the catchment scale. Indeedyanging from 10.5krAto 623.0 knt and by using four dif-
typical spatially varying rainfall patterns consist of regions of ferent rainfall resolutions: 1-, 4-, 8- and 16-km. The range of
heavier or lighter precipitation outside the immediate bound-spatial resolution covers the aggregation scales often encoun-
aries of a catchment. Rainfall values pertaining to areas justered in flash flood forecasting, from fine-scale radar rainfall
outside the catchment may enter the computation of the averestimates to large-scale rainfall forecasts provided by numer-
age rainfall over the basin by increasing the resolution areaical weather forecast models.
As such, this error source leads to a rainfall volume error. The paper is organized as follows. Section 2 describes
The sensitivity of runoff modelling to both attenuated spa- the study region and provides the documentation of the flash
tial variability and rainfall volume error depends strongly on flood event used in this investigation. Section 3 illustrates
the smoothing effect of catchment characteristics (Winchellthe distributed model used in the study, whereas Sect. 4 ex-
etal., 1998; Segond et al., 2007). When there is not enouglamines its sensitivity to spatial resolution of rainfall over a
variability in rainfall to overcome the damping effect of the range of catchment scales. Section 5 completes the paper
catchment, detailed knowledge of rainfall spatial variability with discussion and conclusions.
is not required to model the catchment response, although
reliable information of catchment-averaged rainfall is impor-
tant (Naden, 1992; Obled et al., 1994; Woods and Sivapalan The Fella 2003 flash flood
1999; Smith et al., 2004; Andreassian et al., 2001). How-
ever, there is not an agreed approach to quantify the dampinghe flash flood of the Fella catchment on 29 August 2003
effect of a given catchment and the conclusions drawn from(Fig. 1) occurred at the end of a climatic anomaly of a dry
the different studies depend heavily on the runoff model, theand hot summer and was one of the most devastating flash
characteristics of the rainfall forcing and the type of catch-flood events in North-Eastern Italy since starting of system-
ment examined. atic observations. The rainfall event started at 10:00 CET
Focusing the analysis on flash flood events allows one tqCentral European Time) and lasted for 12 h, focusing on the
isolate specific runoff generation mechanisms and catchmerit05 kn?-wide Fella basin (Fig. 2), which is a major left-hand
properties which are perceived as dominant with this typetributary of the Tagliamento river system. The Fella basin
of events. In particular, the substantial role exerted by Hor-has a mean altitude of 1140 m a.s.l., with an average annual
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precipitation of 1920 mm. Ten subbasins of the Fella river
system are examined in this study, ranging from 10.5 tan
623 knt.

Extreme rainfall from the August 2003 storm was pro-
duced by quasi-stationary convective banded structures.
Some of the bands persisted in the same locations for the
duration of the event. The steadiness of these rainbands
led to highly variable precipitation accumulations and runoff
(Borga et al., 2007). The storm total precipitation (Fig. 2)
is characterised by a band of rainfall accumulation exceed-
ing 300 mm localised on the right-hand tributaries of the
Fella river. The storm total rainfall distribution reflects south
west — north east motion of the storm elements and west-
east shift of the tracks of the storms. Rainfall intensity up
to 100mm ! over 15-min time step was recorded during
the explosive growth phase of the storm (between 14:00 and
18:00 CET) (Norbiato et al., 2007). Rainfall produced by the
August 2003 storm resulted in severe flooding throughout the
Fella river basin. The storm produced catastrophic flooding

at drainage areas up to 80-90m o el
km cumulated precipitation
2.1 Post event field campaign 0 4 8 16 [mm]
N main river l:] 20 - 50
i . == [ ]s0-100
Flash flood events are difficult to monitor because they de- w<€}>E 1o oy PO basin — -
velop at space and time scales that conventional measure e S“:btaj”o“’) [ 200- 300
ment networks of rain and river discharges are not able to outet (19 I o5

sample effectively (Borga et al., 2008). This explains why

the investigation of flash flood events is by necessity eventFig. 2. Storm total rainfall (mm) for the 29 August 2003 storm on
based and opportunistic as opposed to driven by observatiorise Fella river basin at Moggio (basin outlet 10, 62Fkmwith the
from carefully designed field campaigns. Post-event surveydine study subbasins: Rio degli Uccelli at Pontebba (1, 105km

play therefore a critical role in gathering essential observa-Ri0 Bianco at S. Caterina (2, 17.5 Km Uque at Ugovizza (3,

: : : ; 24 kn?); Aupa at Moggio Udinese (4, 50 iin Pontebbana at Pon-
;:ggz fng]y[)slgglent and verify hydrological models for flash |\~ (5, 71.2 k); Fella at S. Caterina (6, 139 K Fella at Pon-

: tebba (7, 165kf); Fella at S. Rocco (8, 250 kin and Fella at
Following the August 2003 event, post flood surveys Werepogna (9, 329 k).

planned. Surveys were concentrated in the upper Fella basin
and included: (i) collection of rainfall data, (ii) collection of

streamgauge data and execution of indirect peak flood esticjose or at bridge crossing sites, where measurements are
mation, and (iii) postflood interviews. taken by means of ultrasound sensors. Hydraulic modelling,
Radar and raingauge observations were used to derivEombined with surveys of the post-flood river section geom-
rainfall fields for the AUgUSt 2003 storm. 5-min rain- etry and data about pre- and post_ﬂood geometry, was used
gauge data were collected at 15 raingauges (Fig. 1), whereag derive stage-discharge relationships at these river sections
storm total rainfall was available at further six daily rain- (Borga et al., 2007). Furthermore, hydraulic modelling was
gauges. Volume scan reflectivity data from the Doppler,ysed to estimate peak discharges based on surveyed high wa-
dual-polarised C-band OSMER radar station, located at Fostermarks and postﬂood channel geometry at another three
salon di Grado (Fig. 1) (time resolution of 5 min and spatial sjtes (including the site at the outlet of Uqua basin, Fig. 2)
resolution of 250 m in range by 0.9 degree in azimuth), wereand to confirm the estimates at the gauged sections. Twenty-
used to derive radar rainfall rates. Spatlally detailed rain-two local residentS, mosﬂy located close to the Uqua river
fall estimates were obtained by adjusting radar observatiomasin and its fan, were interviewed about the severity of the

accounting for the physics of the radar sensing and incorpostorm, occurrences of surface flow, timing of rainfall and
rating accumulated values of the available raingauge stationstage peaks.

(Borga et al., 2002).
Streamgauge data and observations from post-event sug.2 Precipitation analyses
veys, combined with hydraulic modelling, were used to ex-
amine the hydrologic response to the storm. Stream gaug&he structure of the rainfall spatial variability has been ex-
data were available at eight sites, generally located eitheamined by using the climatological variogram (Lebel et al.,
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The main adjustment factor of this function is the variogram
shape and particularly its range (i.e., the decorrelation dis-
L tance). This allowed us to calibrate a relation between the
—- Berne 2004 ). /‘ rainfall accumulation time steps (hours) and the rangB g

20 DR:V (km) (Fig. 3a), as follows:

Ors 25948 Dg = 233A1%% @)

50

a)

Range, Dgr[km]

0.1 0.5 1 2 5 . . . . .
Time step, At[n] Interestingly, this equation is relatively close to the one re-

ported by Berne et al. (2004) for flash flood events observed
15 in France. According to Eqlj}, the range of the variogram

— -mean precipitation rate of half-hourly rain rates is set equal to 19.5 km.

Ao Space and time generation of runoff is controlled mainly

[ I I\,’J\»/ Vo by the spatial distribution of the intense rainfall cells. We

Y W4 I\ characterise this spatial distribution by using the concept
/ Y of the indicator variogram (Barancourt et al., 1992), i.e. by
converting the rainfall field into a corresponding binary
process. For this, a binary function denoiéd, y), called
the indicator function by Journel (1983), is defined by
i(x, ¥)=1p(x,y)>20mnyh, i.€..
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c)

A2 The threshold of 20 mmtt was selected here to isolate the

o s . ‘ ‘ 9 o fraction of the basin hit by flood producing rainfall. We
1000 1200 1400 1600 1800 2000 22.00 analysed the binary field by using the indicator variogram,
time [h] which show a significant anisotropy with longer correlations

in the N55E direction. To account for anisotropy, we
conceptualised the range in space as an elliptical field,
Fig. 3. Rainfall spatial variability analysis: guantified by the major and minor axes at each time step.
(a) Range [km], resulting from spatial climatological variogram We describe the temporal evolution of the spatial structure
analysis, versus time step [h]; results are compared with analof rainfall accumulated at 30-min time step by reporting the

[}
L

ysis carried out by Berne et al. (2004) (dashed line); time series of max and min lengths (Fig. 3c). The indicator
(b) Mean precipitation of non zero values inside the rectangle are/ariogram analyses highlight the high variability of the

shown in Fig. 1. storm properties with time. During the period of very intense
(c) Lengths of maximum and minimum axis for indicator vari- ralr_lfall occurrence (i.e., between 14:00 and 18:00 CET) the

ogram on binary rainfall fields using 20 mmhthreshold. major axis length ranges between 7 and 18 km, whereas the

minor axis length ranges between 3 and 5 km. This indicates
that the shape of the high intense areas is elongated, with the
minor axis length equal to 30% of that of the major axis, and
1987; Berne et al., 2004). The domain used for this analy{oints out to the high spatial variability of the high intensity
ses is a 128 km by 64 km region centred on the Fella Riverrainfall fields.
basin (Fig. 1). With the approach based on the climatological
variogram, one may take into account information from all
the realizations (e.g. rainfall field for successive time steps)3 Analyses of flood response
assuming the fields to have similar statistical characteristics
except for a constant factor. The variogram can therefore bélydrologic response on the Fella River basin is examined
normalised by the respective variance of each field considby using a simple spatially distributed hydrologic model
ered and then averaged over all the realizations. AssumingKLEM — Kinematic Local Excess Model; Borga et al.,
the structure functions have the same shape, the mean no2007). The distributed model is based on availability of raster
malised variogram obtained (with variance parameter equainformation of the landscape topography and of the soil and
to one), also called climatological variogram, is represen-vegetation properties. In the model, the SCS-Curve Number
tative of all the realizations. In particular, we have used(SCS-CN) procedure (US Department of Agriculture, 1986)
here a spherical variogram as a reference spatial structurés applied on a grid-by-grid way for the spatially distributed
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representation of runoff generating processes. A linear transprovided by the flow distance concept, we utilized 30-min
fer function based on a simple description of the drainagerainfall fields at two different aggregation lengths to compute
system response is used to represent runoff propagation. the following quantities:

The general SCS-CN runoff equation is ) .
1. the mean rainfall rate over the catchment at tinakir-

P—1,)? .
q = 7 for P > I, ?) ing the stormM ();
qg=0 forP <1,
whereg(mm) is the direct runoff depth? (mm) is the event
rainfall depth, 7, (mm) is an “initial abstraction” or event
raquall requwe'd for the_'n't'at'on of rungff, and (mm) IS 3. the normalized time-distance of rainfall from the basin
a site storage index defined as the maximum possible differ- | ¢ D(1): and
ence betwee® andg asP—o0. P—1, is also called “effec- ' '
tive rainfall”, or P,. The SCS-CN method can be applied by 4. the normalised dispersion of rainfallyor(?).
specifying a single parameter called the curve numbar,
which is function of the hydrologic soil-cover complex and  Consistently with analyses reported above, the threshold
ranges in principles from 1 to 100. The valueSdor agiven ~ of 20 mm ! was selected here to isolate the fraction of the

2. the fractional coverage of the basin by rainfall rates ex-
ceeding 20 mmht, F(1);

soil is related to the curve number as basin hit by flood producing rainfall. The mean rainfall rate
100 and fractional coverage time series provide basic informa-
§=C (ﬁ - 1) ©) tion on rainfall mass balance and distribution of rainfall rates

over the catchment. They do not provide information on the
spatial distribution of rainfall relative to the basin network
structure, however. The drainage network, as represented by
the routing timer (1) from the arbitrary locatiom=x, y to

the outlet of the basin. The routing timéu) is defined as

whereC is a calibration parameter (mm), called infiltration
storativity. The use of the parametérallows one to use the
spatial distribution ofC N values, which represents an input
data in this work, and to simulate correctly, at the same time
the observed flood water balance (Borga et al., 2007).

The distributed runoff propagation procedure is based on Ly(w) L)
the identification of drainage paths, and requires the charact ) = +—
terization of hillslope paths and channeled paths. We used
a channelization support area,( (km?), which is consid- WhereL;(u) is the distance from the generic pointo the
ered constant at the subbasin scale, to distinguish hillslopghannel network following the steepest descent patiu)
elements from channel elements and two parametgrar{d is the length of the subsequent drainage path through streams
ve (ms™1)) as the two time-invariant hillslope and channel down to the watershed outlet, ang and v, are the two
velocities, respectively. The model has been implementednvariant hillslope and channel velocities introduced above.
at 30-min time step and using a 20-m grid size cell for the The routing time provides a natural metric for analyzing
description of landscape morphology and soil properties. the spatial distribution of rainfall, as shown previously by

The hydrological model used here is based on the rathek¥Voods and Sivapalan (1999), Zhang et al. (2001) and Borga
strong assumption that space-time excess rainfall distributiogt al. (2007). The routing time incorporates both geometric
and drainage network structure provide the most importan@nd kinematic properties in its determination.
controls on extreme flood response. However, its parsimo- The normalized time-distance at timeD(z), is a function
nious structure is a favourable characteristics for analysis oPf the rainfall field R(z, u) and the routing timer (u). It is
flash flood events, which are affected by considerable uncerdefined as the ratio of the rainfall-weighted centroid routing
tainty on rainfall and discharge data. As such, this modeltime D1 (¢) and the mean routing timBmean
structure has been used in a number of studies on flash flood D1(1)
events (Zhang et al., 2001; Borga et al., 2007). The accuracy(¢)_ !
of the model simulations have been examined and discussed Dmean
by Borga et al. (2007), who showed that the model repro-|n gq. ) the time-distance; (¢) is given by
duces peak discharge and the time of peak discharge reason-
ably weII: The model parameters calibrate_q gt 1-km rqinfaIIDl(t) _ |A|‘l/ w(t, )T (u)du (6)
aggregation length were used for the sensitivity analysis.

(4)

Uh Uc

®)

A

3.1 Analysis of space-time precipitation variability at
three catchment scales and at two rainfall resolu-
tions

whereA is the spatial domain of the drainage basin and the
weight functionw(z, u) is given by
R(t,u)
|A|7Y [ R(t, u)du
A

Q)

To characterize the influence of temporal and spatial vari-w(Z, u) =
ability of rainfall on flood response according to the metric
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Fig. 4. Precipitation analysis for three catchments (Uccelli at Pontebba, 1@ Fetia at S. Caterina, 139 Knand Fella at Moggio Udinese,
623 kn?), with two different rainfall grid resolutions (1 km and 16 km):

(a) mean rainfall intensity [mmh1]; (b) coverage (for precipitation intensity20 mm h1); (c) normalized time distancécl) normalized
time dispersion.

The valueDmeanis defined as The dispersion for uniform rainfall is defined by:
1 05
Drnean= 14171 [ () (®) ,
J $1=1 [ 1 - Dread? (10)
A

Values of D(¢) close to 1 reflect a rainfall distribution ei- . ] o
ther concentrated close to the mean time-distance or homa@nd the normalised dispersion is given by

geneous, with values less than one indicating that rainfall is S(1)

distributed near the basin outlet, and values greater than onéNOR(f)=S— (11)

indicating that rainfall is distributed towards the periphery of !

the drainage basin. Values of SNor(t) close to 1 reflect a uniform-like rainfall
The rainfall-weighted flow time-distance dispersion is distribution, with values less than 1 indicating that rainfall is

given by: characterised by a unimodal peak, and values greater than 1

indicating cases of multimodal rainfall peaks close and far

05 from the basin outlet.
S@t) = /w(r, u)[t(u) — Dl(t)]zdu (9) Results are reported in Fig. 4 for three catchments: Rio
4 degli Uccelli (10.5km), Fella at S. Caterina (139.0 Kn

and Fella at Moggio (623.0 kfn and for rainfall fields ag-
gregated over length scales of 1 and 16 km. Rio degli Uccelli
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and Fella at Moggio represent the smallest and largest CatChI’able 1. Characteristics of the study basins, with catchment area

ment examined in the study, respectively, whereas Fella anq mean areal cumulated precipitation at four different rainfall res-
S. Caterina represents an intermediate catchment scale. 18tutions; basin id numbers as reported in Fig. 2.

spection of the mean rainfall intensity shows that aggrega-
tion at 16-km scale has relatively less effects over the larger g cinid number  Area KA} Mean areal precipitation
basin (Fella at Moggio), whereas significant smoothing ef- [mm] using resolution
fects (with reductions up to 50%) are recognised over Rio
degli Uccelli, particularly for the period 14:00 to 18:00, with

1km 4km 8km 16km

intermediate effects for Fella at S. Caterina. 1 10.5 353 327 314 255
The dynamics of the fractional coverage is consistent with 2 175 307 303 307 246

e dynan _ g , 3 24 287 279 285 192

the information provided by the temporal evolution of the 4 50 301 284 229 160
rainfall spatial structure reported in Fig. 3c. For Rio degli 5 71.2 246 240 240 222
Uccelli, which was located under one of the major convec- 6 139 241 237 235 203
tion band during the phase of explosive growth of the storm, / 165 247 244 239 211
. X . 8 250 253 248 244 216

the size of the rainfall band is enough to ensure full cover- 9 329 237 235 232 204
age in the period between 14:00 and 17:30. Interestingly, 9 623 189 187 183 170

increasing the rainfall aggregation length induces generally a
sharper behaviour in the rainfall coverage, as it is illustrated
by the case of the Fella at S. Caterina. Inspection of this last
case shows that, even though the ratio of rainfall resolution tayifferent rainfall resolutions: 1-, 4-, 8- and 16-km. This pro-
the characteristic basin length,{/L,,) is larger than one for  vides 40 different combinations of watershed characteristic
the 16-km resolution, the rainfall is far from being spatially |engths and rainfall aggregations.
uniform, being the catchment located between two or more  As shown above, varying the spatial rainfall resolution in-
rainfall cells. This needs to be accounted for in the diSCUSSiOI’cheS rainfall volume errors, a reduction of the rainfall appar-
below. ent spatial variability and a distortion of the rainfall geometry
Examination of normalised distance highlights different with respect to the flow distance metric. In order to sepa-
behaviours across the various catchments. Analysis of norrately address the first two effects we performed numerical
malised dispersion over the period of heavy rainfall and atexperiments in which rainfall depths are rescaled and forced
1-km resolution shows that rainfall concentration translatesto be exactly preserved at each time step over the range of
from the lower portion of the basin to the upper portion rainfall resolutions and catchment scales examined.
and that the dynamics of the normalised distance increases The error analysis was carried out for rainfall and runoff
with catchment scale, as expected. Aggregation over 16-knyolumes and for peak discharges, by comparing results ob-
length scale has generally the effect to reduce the dynamicgined by using a given input resolution with those obtained
of the normalised distance and has a different impact accordfrom 1-km grid size, considered here as the reference resolu-
ing to catchment scale. For Rio degli Uccelli, aggregationtion. The error statistics “normalised rainfall volume error”
over 16-km averages out any dynamics, as expected sincg , “normalised runoff volume error, and “normalised
the rainfall field provided to the catchment at this resolution peak discharge errog;, were computed for rainfall volume,
is completely uniform. runoff volume and peak discharge, respectively, as follows:
A similar pattern can be recognised for the normalised dis-

P —P:
persion, with precipitation exhibiting a unimodal peak for &ér = %»
Moggio (at Iea;t durir)g t.he period of extreme pr_ecipitqtion) gy = % 12)
and a more uniform distribution for the case of Rio degli Uc- ¢ — 1910l

01

where Py, and P1, Vi, and V1, and Qp;, and Qp1, repre-

sent the rainfall volume, the runoff volume and the peak dis-
4 Influence of rainfall spatial aggregation on peak dis-  charge resulting from aggregation ovgr- and 1-km length,

charge simulation respectively. The error statistics were computed before and

after rescaling the rainfall fields at different resolution to pre-
Effects of rainfall spatial aggregation on flood response mod-serve rainfall volumes.
elling are examined here with reference to the ratio of rainfall Examination of the normalised rainfall volume errors
resolution to the characteristic basin length (L), taken  (Fig. 5a) highlights the impact of the error caused by in-
as the square root of the watershed area. To elucidate theorrectly smoothing the rainfall volume either into or out
controls of rainfall aggregation on model error, the KLEM of the watershed; this generally corresponds to negative er-
model was applied over ten different subbasins ranging fronrors — i.e. underestimation of the true rainfall volumes (Ta-
10.5kn? to 623 kn? (Table 1 and Fig. 2) and by using four ble 1). These results generalise those reported at the previous

celli, with S. Caterina being in an intermediate position.
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Fig. 5. Relationship between the ratig./L,, and(a) normalised rainfall error(b) normalised runoff volume error before rainfall volume
rescaling;(c) normalised runoff volume error after rainfall volume rescalifdj; normalised peak discharge error before rainfall volume
rescaling;(e) normalised peak discharge error after rainfall volume rescaling.

Section for the catchments of Rio degli Uccelli and Fella volume errors and that the rainfall volume errors generally
at Moggio and examined by using grid resolutions equal tomagnify through the rainfall-runoff modelling, as it is ex-
1 and 16 km. A large rainfall volume error was found for pected after examining the structure of the SCS-CN runoff
grid size equal to 16 km for the Rio degli Uccelli. This cor- model.

responds td., /L, equal to 5.1, for which the normalised  The impact of reduced rainfall variability alone on runoff
rainfall volume error amounts to 27%. On the contrary, theyolume errors is illustrated by Fig. 5¢, where errors are re-

error for the Fella basin at Moggio, for which, /Ly, IS ported after rainfall volume rescaling. The figure shows that
equal to 0.64, amounts to 9%. For the Fella at S. Cateringrors are sharply reduced, and generally below 10%. For

(Lr/Ly=1.37), the error amounts to 15%. The figure showsyne case (Aupa at Moggio) the runoff volume error slightly
that use of the ratid., /L, is capable to filter out quite effec-  ayceeds 0.15.

tively the effect of the catchment size on the rainfall volume The relationship between the normalised peak discharge
error. Inspection of the maximum values of the errors showserror andL. /L pbefore rainfall volume resgalin is re-g
that the error is up to 0.1 fak, /L,, equal to 0.4, and then r/Lw, 9,

increasesto 0.2 fakt, /L, equalto 1.0 and to 0.5 fdt, /L, ported n F'.g' .Sd' T_he patt_ern of peak discharge errors re-
equal to 2.5. ported in this figure is consistent with that of runoff volume

errors, as expected. The error may reach values up to 0.75
Results are reported in Fig. 5b, ¢, d and e for the volumefor L, /L,, slightly exceeding two. Peak discharge errors af-
and peak errors, respectively. Large runoff volume errorster rainfall volume rescaling are reported in Fig. 5e. This
are shown in Fig. 5b, particularly for the 2005 event, which figure reveals that runoff volume errors explains the peak dis-
is characterised by a peak value around 0.75 for a value o€harge errors in a number of cases, but not always. In three
Lg/Lwslightly exceeding two. The figure shows that the cases the peak discharge errors are comprised between 0.15
general pattern of rainfall volume errors is transmitted to theand 0.22, and are not related to the corresponding volume
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errors, which are less than 0.05. Inspection of the simulated  these errors are negative — i.e. the simulated peak dis-
hydrographs for these cases (not reported here for the sake of charge decreases by increasing £héL,, parameter.
brevity) indicates that errors are related to differences in the _ ) _

peak timing. This observation indicates that increasing the 2- Animportant error source related to spatial rainfall ag-
rainfall aggregation length produces, in some cases, a large ~ 9régation is the rainfall volume error caused by incor-

distortion of the rainfall spatial distribution with respect to rectly “smoothing rainfall volume” either into or out
the river network, hence resulting in considerable errors in ~ Of the watershed. Fat, /L, <1.0, around 50% of the
the shape of the simulated hydrographs (including peak val- ~ P&ak discharge error is due to the rainfall volume error.
ues and timing). This is not unexpected, because errorsinthe ~ 1Ne remaining error is significantly controlled by the in--
representation of the concentration of rainfall distribution in teraction between the attenuated and geometrically bi-
terms of flow distance translate into a distorted timing distri- ~ @sed rainfall spatial variability and the smoothing ef-
bution of the simulated runoff. fects of catchment characteristics.

3. We examined the role of river network geometry in the
averaging of space-time rainfall and on simulated peak
discharges after rescaling the rainfall fields to preserve
rainfall volumes. Increasing the resolution length may
lead to a distorted geometry of the rainfall field with
respect to the river network. This is an important con-
trol on peak discharge error — when rainfall volumes are
preserved.

5 Summary and conclusions

This paper focuses on the analysis of the effects of spatial
rainfall resolution on runoff simulation for an extreme flash

flood event. The increasing availability of radar observa-
tions at different spatial resolutions requires examination of
the impact of using different aggregation lengths on hydro-

logic modelling, with specific focus on highly variable flash Further work might determine whether the results obtained
flood-generating storms. Focus on extreme flash flood eventﬁl this investigation apply to other model formulations. The

leads, by necessity, to an event-based aqd OPPOTtUNISUC aps o ooy investigation has obtained illustrative examples of
proqch, as.opposed to d”V?n by opservatlons from carefull ow rainfall variability, as filtered by using different spa-

designed field campaigns in expenmen.tal watersheds. EXt'ial aggregation lengths, feeds through to variability in mod-
treme, flood-producing storms are spatially and temporally

. . elled runoff response at the catchment scale. More exten-
rare and are seldom represented in the observations from ex:

. tal watersheds. A ; ; ' | | Sjve investigations would strengthen this understanding and
penmental watersheds. Accurale post event analySes play&li,,;iqe additional guidance on the design of radar/raingauge
an essential role in providing the data required for the presen

etworks for flow forecasting and the spatial resolution re-

study. ) . ) . quirements for rainfall at different catchment scales.
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