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Abstract. This paper describes a set of spatial rainfall statis-1 Introduction

tics (termed “spatial moments of catchment rainfall”) quan-

tifying the dependence existing between spatial rainfall or-Rainfall is a highly heterogeneous process over a wide range
ganisation, basin morphology and runoff response. Thesef scales both in space and time (e.g. Rodriguez-Iturbe et
statistics describe the spatial rainfall organisation in terms ofal., 1998; Fabry, 1996; Marani, 2005). Whether or not spa-
concentration and dispersion statistics as a function of theial heterogeneity of rainfall has an impact on catchment dis-
distance measured along the flow routing coordinate. The incharge and for what reason, is a problem that has been often
troduction of these statistics permits derivation of a simpleaddressed in hydrology and that is still poorly understood.
relationship for the quantification of catchment-scale stormmMany hydrological studies have focused on the role of rain-
velocity. The concept of the catchment-scale storm veloc-fall space-time variability in catchment response, with the
ity takes into account the role of relative catchment orienta-aim of developing a rationale for more effective catchment
tion and morphology with respect to storm motion and kine- monitoring, modelling and forecasting (e.g. Naden, 1992;
matics. The paper illustrates the derivation of the statisticsObled et al., 1994; Rischl and Sivapalan, 1995; Bell and
from an analytical framework recently proposed in literature Moore, 2000; Andeassian et al., 2001; Morin et al., 2006;
and explains the conceptual meaning of the statistics by apMoulin et al., 2008; Saulnier and Le Lay, 2009; Gourley et
plying them to five extreme flash floods occurred in variousal., 2011). From a practical perspective, it is important to
European regions in the period 2002—-2007. High resolutiorknow at what space-time scales rainfall has to be monitored,
radar rainfall fields and a distributed hydrologic model are given certain catchment and flood characteristics, and what
employed to examine how effective are these statistics in deare the effects of space-time aggregations on model simula-
scribing the degree of spatial rainfall organisation which istions (Berne et al., 2004).

important for runoff modelling. This is obtained by quan-  An important feature frequently observed in these stud-
tifying the effects of neglecting the spatial rainfall variabil- jes is that catchments act as space-time filters (Skgien and
ity on flood modelling, with a focus on runoff timing. The B|gschl, 2006) with specific dampening characteristics to the
size of the study catchments ranges between 36 to 982 km rainfall input. The filtering properties may be strong enough
The analysis reported here shows that the spatial moments @b efficiently smooth out some features of rainfall spatial
catchment rainfall can be effectively employed to isolate andyariapility. This means that only some specific characteris-
describe the features of rainfall spatial organization whichtics of rainfall spatial organisation will eventually emerge as
have significant impact on runoff simulation. These statisticSyynoff spatial and temporal variability (Skgien et al., 2003).
provide useful information on what space-time scales rainfallThys we believe there is a need to introduce measures to
has to be monitored, given certain catchment and flood chargyantify the catchment filtering effect which, as a function
acteristics, and what are the effects of space-time aggregatiogf rainfall organization, basin scale and the heterogeneities
on flood response modeling. embedded in the basin geomorphic structure, control the pos-
sible extent of the influence of rainfall spatial organisation on
the hydrologic response. We distinguish here between rain-
fall spatial variability and organization. More specifically, by
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which directly control the runoff response. In this paper, near the head of the watershed. Woods and Sivapalan (1999)
the rainfall spatial organization is analysed with respect toproposed an analytical method to identify the importance of
the flow distance, i.e. the distance along the runoff flow pathdifferent components of the hydrological cycle during storm
from a given point to the outlet. events in humid temperate catchments. They expressed the
Observational and modelling studies have shown that thanean catchment runoff time as a function of the distance
river network geometry plays a central role in the structure offrom the centroid of the catchment to the centroid of the
the catchment dampening properties, particularly for casesainfall excess pattern measured along the flow distance co-
of extreme floods when the impact of land properties het-ordinate. This term summarised the influence of the rainfall
erogeneity on runoff generation is less significant with re-spatial variability on the timing of the flood peak discharge
spect to moderate floods and the stream network extendi their model. However, the extent of potential application
to previously unchanneled topographic elements, hence inef this method is limited by the assumption of multiplicative
creasing drainage density and flow response rate of hillslopespace-time separability for both rainfall and runoff genera-
(Naden, 1992; Woods and Sivapalan, 1999; Smith et al.tion processes. This implies that the storm event is assumed
2002; Nicotina et al., 2008; Sangati et al., 2009). Runoffto be stationary, i.e. it does not move over the catchment.
routing through branched channel networks imposes an efThis assumption is relaxed in the analytical framework in-
fective averaging of spatial rainfall excess across locationgroduced by Viglione et al. (2010a), which describes the de-
with equal routing time, in spite of the inherent spatial vari- pendence of the catchment flood response on the space-time
ability. The flow distance coordinate may be used as a surrointeractions between rainfall, runoff generation and routing
gate for travel time, when the hydrograph response is determechanisms. Notably, this method affords examination of
mined mainly by the distribution of travel times, neglecting the effects of storm movement on runoff properties.
hydrodynamic dispersion, and variations in runoff propaga- This paper builds upon the work presented in Woods and
tion celerities may be disregarded. This implies that rainfall Sivapalan (1999) and Viglione et al. (2010a, b). The frame-
spatial organisation measured along the river network by uswork developed in these papers quantifies the contributions
ing the flow distance coordinate may be a significant propertyof the space-time variability of precipitation, runoff coeffi-
of rainfall spatial variability when considering flood response cient, hillslope and channel routing to the flood runoff vol-
modelling. ume and the delay and spread of the resulting hydrograph.
Various measures of rainfall organisation based on the flowThe aim there was to analyse rainfall-runoff events (and ways
distance coordinate have been introduced in the last decadef modeling them) by subdividing the characteristics of the
Smith et al. (2002, 2005), Zhang et al. (2001) and Borgahydrological response into its components. In the present
et al. (2007), in a series of monographs on extreme floodsvork we reorganise some of these components, by introduc-
and flash floods, systematically employed a scaled measuriag a set of statistics of spatial rainfall organisation measured
of distance from the storm centroid and scaled measures ddlong the flow distance which are relevant to the analysis of
rainfall variability to quantify the storm spatial organisation the runoff response. These statistics, termed “spatial mo-
and variability from the perspective of a distance metric im- ments of catchment rainfall”, are dimensionless numbers that
posed by the river network. Smith et al. (2004a) examinedcan be used to establish relationships valid over a wide range
basin outflow response to observed spatial variability of rain-of scales. They provide a synthesis of the interaction between
fall for several basins in the Distributed Model Intercompar- rainfall and basin morphometric properties and are useful
ison Project (Smith et al., 2004b), by using, among other in-similarity measures for “comparative hydrology” studies (see
dexes, a rainfall location index based on the distance frome.g. McDonnell and Woods, 2004; @&lchl, 2006). For in-
the centroid of the catchment to the centroid of the rainfall stance, in this work we show, both analytically and empir-
pattern. They found that all basins except one had a verycally, how these statistics can be used to quantify the in-
limited range of rainfall location index, with the rainfall cen- fluence of spatial rainfall organization on flood hydrograph
troid close to the catchment centroid. Interestingly, the catch-characteristics and we compare a number of events in several
ment displaying the largest range of rainfall location index catchments. The method based on the spatial moments of
was also the one characterised by such complexities to sugeatchment rainfall provides a theoretical foundation for vari-
gest the use of a distributed model approach. A similar ap-ous measures of rainfall spatial variability based on the flow
proach was taken by Syed et al. (2003) who evaluated thelistance coordinate, which have been reported in the litera-
ability of simple geometric measures of thunderstorm rain-ture in the last decade (Smith et al., 2002, 2005; Syed et al.,
fall in explaining the runoff response from a 148%mva- 2003; Sangati et al., 2009). Moreover, they extend to the case
tershed. They also used a location index similar to that in-of runoff propagation under condition of spatial rainfall vari-
troduced by Smith et al. (2004a). They observed that theability the concept of spatial moments used for analysis of
position of the storm core relative to the watershed outlet bessolute transport in porous media (Goltz and Roberts, 1987).
comes more important as the catchment size increases, withhe development of this similarity, which is not pursued in
storms positioned in the central portion of the watershed prothis paper but is subject of current investigation, aims to or-
ducing more runoff than those positioned near the outlet order theoretical results that appeared in disparate fields into a
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coherent theoretical framework for both hydrologic flow and spatial rainfall statistics. Section 6 completes the paper with
transport, as shown by Rinaldo et al. (2006). discussion and conclusions.

As part of this analysis, we show how the introduction of
the spanal mom_ents .Of catchment “”?"."fa'! permits derlvat|on2 Spatial moments of catchment rainfall: definitions
of a simple relationship for the quantification of storm veloc-

ity at the catchment scale. The importance of storm move-gpatial moments of catchment rainfall provide a description
ment on surface runoff has been investigated for nearly fousf gverall spatial rainfall organisation at a certain timas a
decades (Maksimov, 1964; Surkan, 1974; Ogden et al., 1995nction of the rainfall field-(x, y, ) (L T~) value at any po-
Singh, 1998; de Lima and Singh, 2002). However, to the beskition x, y inside the watershed and of the distadce, y) (L)

of our knowledge, these works are based on *virtual experi-hetween the position, y and the catchment outlet measured
ments” using idealized storm profiles and motion as input tog|ong the flow path. The spatial moments of catchment rain-
watershed models. Results seem to support the conclusiopyis are defined after rearranging some of the covariance
that catchment response is sensitive to storm motion relativerms employed in Viglione et al. (2010a) to represent the
to catchment morphology, depending on different processegean and the variance of the network travel time, under the
and scales. With this work we show how it is possible to iso-pynothesis of constant flow velocity (Appendix). Theh

late and quantify the “catchment scale storm velocity”, gen-gpatial moment of catchment rainfat), (L"*1 T-1) is ex-
erated by imposing a prescribed space-time storm variabilityyressed as:

to the catchment morphological properties.

In the following developments, we disregard the differen- p, () = |A|_1/r(x,y,t)d(x,y)”dA Q)
tiation between hillslopes and channel network to the total
runoff travel time. While the methodology can be easily ex-
tended to include a hillslope term, we prefer here to focus owhere A (L?) is the spatial domain of the drainage basin.
the interaction between the morphological catchment prop-The zero-th order spatial momepg(7) yields the average
erties and rainfall organisation. On going investigations arecatchment rainfall rate at time
aimed to examine the impact of varying the hillslope resi- Analogously, the, (L") moments of the flow distance are
dence time on both the spatial moments of catchment rainfal@iven by:

A

and the catchment scale storm velocity. 1
J— - n
The conceptual meaning of the spatial moments is illus-8" = 14! /d(x’y) da . @)
trated by analysing five extreme flash floods occurred in var- A

ious European regions in the period 2002—-2007. High resoluThe zero-th order spatial moment of flow distance yields
tion, Carefu”y Controlled, radar rainfall fields and a Spatlally unity_ Non-dimensional (Sca|ed) spatial moments of catch-
distributed hydrologic model are employed to examine thement rainfall can be obtained by taking the ratio between the

organisation which is important for runoff modelling, with the flow distance, as follows, for the first two orders:
a focus on runoff timing. The size of the study catchments

ranges between 36 to 982 knHillslope residence time and ~ 81(t) = pﬁ(l,()t;,l

spatial variability of runoff ratio, which are disregarded in AL Gy nld(x,y)—81(t)g1]?d A

the derivation of the spatial moments, are included in the dis-62(r) = A,lfr(ﬁ’y’[)dA A1 dGry)—gi2dA ©)
tributed hydrological model. Therefore, contrasting model A A

results with information inferred from the spatial moments =1, [Pz_m — (Pl_(f>) }

provides a necessary evaluation of the impact of the work- g2—g% | po(®) po(®)

ing assumptions on the use of these statistics, at least in thghere for the second order the central moment is reported.
context of extreme floods. The first scaled moment (-) describes the distance of the

The outline of the paper is as follows. In Sect. 2 we de-centroid of catchment rainfall with respect to the average
fine the statistics termed “spatial moments of catchment rainvalue of the flow distance (i.e. the catchment centroid). Val-
fall”. In Sect. 3 we show how these rainfall statistics can beues of§; close to 1 reflect a rainfall distribution either con-
related to the flood hydrograph properties. Section 4 is decentrated close to the position of the catchment centroid or
voted to illustrate the derivation of the spatial moments of spatially homogeneous, with values less than one indicating
catchment rainfall for the five flood events. In Sect. 5 we that rainfall is distributed near the basin outlet, and values
perform numerical experiments in which modelled flood re- greater than one indicating that rainfall is distributed towards
sponse obtained by using detailed spatial input is contrastethe catchment headwaters.
with the corresponding flash flood response obtained by us- The second scaled mome$y () describes the disper-
ing spatially uniform rainfall. Runoff model sensitivity to sion of the rainfall-weighted flow distances about their mean
spatial organisation of rainfall is examined by exploiting the value with respect to the dispersion of the flow distances.
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Values ofé, close to 1 reflect a uniform-like rainfall distri- 3 Relationship between the spatial moments of

bution, with values less than 1 indicating that rainfall is char-  catchment rainfall and the shape of the

acterised by a unimodal distribution along the flow distance. flood response

As we will see below, values greater than 1 are generally rare,

and indicate cases of multimodal rainfall distributions. Viglione et al. (2010a) proposed an analytical framework
The spatial moments defined in EG) flescribe the instan-  (called V2010 hereafter) for quantifying the effects of space-

taneous spatial rainfall organization at a certain timequa-  time variability on catchment flood response. Viglione et

tions (1) to (3) can also be used to describe the spatial rainfallal- (2010a) extended the analytical framework developed in

organization corresponding to the cumulated rainfall over aWoods and Sivapalan (1999) to characterize flood response

certain time period’s (e.g. a storm event). These statistics, in the case where complex space and time variability of both

which are obtained by integrating over time, are ternfigd  rainfall and runoff generation are considered as well as hills-

andA,. These statistics are defined as follows: lope and channel network routing.
1 In the V2010 methodology, the rainfall excess$x, y,t)
Py = |A|_1/rz(x,y)d(x7y)"dz4 =—/Pn (H)dt 4) (LT hatapoint,y) and attime generated by precipita-
| TsT tionr(x,y,t) is given by
wherer,(x,y) is the mean value of time integrated rainfall re(x,y,0) =r(x,y,1)-c(x,y,) )
at location(x,y). A1 and Az are computed based ab,  wherec(x,y,t) (-) is the local runoff coefficient, bounded
following Eq. @), as follows between 0 and 1. V2010 characterizes the flood response
A P with three quantities: (i) the catchment- and storm-averaged
1= Poat 5 5 value of rainfall excess, (ii) the mean runoff time (i.e. the
Ap= 1 , [% _ <%> ] (5) time of the center of mass of the runoff hydrograph at a catch-
g2—sg1 | o 0 ment outlet), and (iii) the variance of the runoff time (i.e. the

The distance from the rainfall centroid to the catchmentt€mporal dispersion of the runoff hydrograph). The mean
outlet is represented by the produgk1. Interestingly, the time of c;atchment runoﬁ is a.su'rro.gatt'e for the time to .peak.
analysis of the evolution in time of this distance enables the! "€ variance of runoff time is indicative of the magnitude
calculation of an instantaneous catchment-scale storm velo@f the peak runoff. For a given event duration and volume

ity along the river network, as follows: of runoff, a sharply peaked hydrograph will have a relatively
' low variance compared to a more gradually varying hydro-

d h Woods, 1997, for details)

Vs(t) = g1—381(t 6 graph (see : , .
s =81 t 1) ©) Since the aim of this study is to establish a relationship be-

tween the spatial moments of catchment rainfall and the flood

.- . -1
Positive v_alues of the storm velocitys (LT~ correspond response shape, we modified accordingly the V2010 method-
to upbasin storm movement, whereas downbasin storm

movement are related to negative valuesvef The con- ology by assuming that the runoff coefficient is uniform in

cept of the catchment-scale storm velocity defined by 8q. ( ﬁpﬁl)?s i'nedntér;eih?rr:s ggl?;vt/?rf hcljllesvlgl%e :ﬁ;ﬁ: Tﬁg rt;:ﬁa:ﬁ i:(_ag_
takes into account the role of relative catchment orientation 9> " ' : 9 0P :

. . . tensity and accumulation are used in place of the rainfall ex-
and morphology with respect to storm motion and kinemat-

ics. For instance, for the same storm kinematics, the sam§&®SS Owing to this assumption, results obtained by this ap-

elongated basin will be subject to different catchment scald roach are likely to apply to heavy rainfall events character-

L o . . . ized by large rain rates and accumulations. The runoff trans-
storm velocities by varying its orientation with respect to that ort is described by using an advection veloaityl T-1)
of the storm motion. In this work, we will not perform any \F/)vhich is considereél/ inva?iant in space and time. The hv-
explicit derivative ofs1 to obtain the catchment scale storm . ) . pace a C Y
velocity. Equation §) has been introduced only to formally pothesis of spatially uniform flow velocity is consistent with
' . . the results of previous studies, showing that it is always pos-
represent the concept of storm velocity and how this relates . . . .
to the first scaled momems. A simple way to derive the sible to find a single value of flow celerity such as the

. ; mean travel time across the entire catchment and therefore
mean value oV, derived from the methodology introduced the catchment response time is unchanged (Robinson et al
by Viglione et al. (2010a), is reported in the next sections. 1995: Saco and Kumar, 2002; D'Odorico and Rigon, 2003).

The analytical results are summarized below, by focusing
on the elements which are essential to derive the relation-
ship between the spatial moments and the characteristics of
the flood response shape, i.e. the mean and the variance of
runoff time and the catchment scale storm velocity. Catch-
ment runoff time is treated as a random variable (denfggd
which measures the time from the storm beginning until a
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drop of water exits the catchment. Water that passes a catctand values larger than one indicate that rainfall is concen-
ment outlet goes through two successive stages in our cortrated towards the headwater portion of the basin. Based
ceptualisation: (i) the generation of runoff at a point (includ- on Eq. (L0), the statisticA; measures the hydrograph tim-
ing waiting for the rain to fall), (ii) runoff transport. Each of ing shift relative to the position of the rainfall centroid over
these stages has an associated “holding time”, which is cornthe catchment. As it will be shown later in the paper, the
veniently treated as a random variable (e.g. Rodriguez-lturbestatisticA1 is related to the normalised mean time difference
and Valdes, 1979). Since the water exiting the catchment habetween the hydrograph obtained by considering the actual
passed in sequence through the two stages mentioned abova&infall pattern and the hydrograph resulting from a spatially
we can write uniform rainfall pattern (all other factors being taken equal).
The normalising quantity is given by the response time of
the catchment. The effect of a less-than-one value\ pf

whereT; andT; are the holding times for rainfall excess and indicates an anticipation of the mean hydrograph time with
runoff transport respect to the case of spatially uniform precipitation. The

Mean catchment runoff time. Using the mass conservatioerpOSit(_a hOIdS true for the case _Of a larger-than-one value of
property (see V2010) we can write the mearfghs the statlsnc._Ag an example, this means that a valua of
equal to 1.5 indicates that the mean time difference between

E(Ty) = E(Ty) + E(Tc) (8) the two hydrographs corresponds to half the catchment re-
] ) sponse time, with the hydrograph obtained from the spatially
The first termE (7;) represents the time from the start of the gjistributed rainfall delayed with respect to the one obtained
event to the centroid of the rainfall time series, and is inde-from uniform rainfall. A value ofA; equal to 0.5 indicates
pendent from the rainfall spatial variability. For the concep- the same normalized mean difference, but with the opposite
tualization of E(T;), which is not of interest here, we refe_r to sign (the hydrograph obtained from the spatially distributed
V2010. The second termi(T¢) represents the average time yajnfal| is anticipated with respect to the one obtained from
to route the rainfall excess from the geographical centroid of niform rainfall).
the rainfall spatial pattern to the catchment outlet. By Us-  One should note that the storm velocity has no influence on
ing the spatial moments, the te(7c) may be expressed as (). This is a direct consequence of the hypotheses used
follows: to derive the statistics. The catchment response is described
Ts[ rA as fully kinematic, therefore it is influenced by the averaged
Jo [fo r(x’y’t)d(x’y)dA]dt spatial organization of the rainfall and not by the variability

quTr+TC

E(Ty) =
(7o) ATsPyv of the spatial organization within the storm, and the routing
_h 1 9 is linear.
o ﬁ o 1g1; ©) Variance of catchment runoff time. The varianceTgf

) ) which represents the dispersion of the hydrograph, is given
whereTs is the duration of the storm event.

b
Therefore, Eq.&) may be written as follows: y
Avg Var(Tg) = Var(Ty) +Var(T.) + 2CouU T, Tc) (12)
181
E(Tq)=E(Tr) + v (10) We focus here on the terms V) and 2 Cov{;, T;). For

Details concerning the derivation of EqQ) based on V2010 the conceptualization of Verf) , which is not of interest

. . o here, we refer to V2010.
are reported in the Appendix. It is important to note here By using the concept of scaled spatial moments, Rar(
that the spatial distribution of the rainfall excess is the same ybe wrgi]tten as foIIo?/vs P '
as that of the rainfall pattern, since the runoff coefficient is y '
assumed to be spatially uniform. _Ap 2
It is interesting to note that, from EqL@), the first time- Var(Te) = 2 (gz—g1> (13)

integrated scaled moment represents the ratio between th§ey,ils concerning the derivation of E4.3 are reported in
routing time corresponding to the rainfall center of mass with,o Appendix, based on V2010. For the case of Covg)

respect to the catchment response tyme: equal to zeroA, represents the ratio between the differential

E(Ty) variance in runoff timing generated by rainfall spatial distri-
="z (11) bution, and the variance of the catchment response time. The
v values ofA, are greater than zero and take the value of one

Analogously toé;, the values ofA; are greater than zero, when the rainfall field is spatially uniform. When the rain-
and are equal to one for the case of spatially uniform precipfall field is spatially concentrated anywhere in the basin, the
itation or for a spatially variable precipitation which is con- values of A, are less than one. In the less frequent cases
centrated on the catchment centroid. Valuedegfless than  when the rainfall field has a bimodal spatial distribution, with
one indicate that rainfall is concentrated towards the outletconcentration both at the headwaters and at the outlet of the
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catchment, the values @ are greater than one. It should  gggya 982km?) SORA (212 km?)
be noted that, with the rainfall excess volume remaining un- _
changed, the effect of decreasing the variance of runoff time
is to increase the flood peak. This shows that in general the
parameterA; is expected to have an influence on the runoff
timing, whereas the parametap should affect the shape of
the hydrograph and then the value of the flood peak.

As discussed in V2010, Eq. (25), the role of catchment
scale storm velocity is represented by the term CTov().
By using rainfall weights, defined as

CLIT (36 km?)

s  GRINTIES (52 km?)

1

_ po(®)
w(t) = e (14)

and based on V2010 (see Appendix for the details of theFig. 1. Study catchments and their location in Europe.
derivation), the term Co¥g, T¢) in Eq. (12) may be written
as follows: Finally, the term Covl;, Tc) may be written as follows:

Cov[T,81(1)w(t)] _ Cov [T, w(1)] As COT.To) = 1 Covi[T,81(Hw(t)] B Covi[T,w(1)] Ay
v v (15) v v

terml term2 terml term2

= YsvarT]

v

Cov(Ty, To) = g1

(17)

where Coy[] is the temporal covariance of the space-
averaged terms. Here we define the term “catchment scal@s a result, for downstream moving storm the variance of
storm velocity” Vs as follows catchment runoff time tends to reduce and therefore the peak
discharge tends to increase, consistently with the findings
v [T,6 v [T . L - .
Cou[T, 51w )] — Cov ’w(t)]Al (16) from several investigations (Niemczynowicz, 1984; Ogden

Vs(t) =1

vanT] varT] et al., 1995; De Lima and Singh, 2002). The opposite oc-
Va1 Vs2 curs with upstream moving storms, which tend to increase
. the hydrograph time variance and hence to reduce the peak
where the two velocity term&s; and Vs, correspond to the discharge

groups term and term in Eq. (15). It is worth recognizing
that the groups teriand term represent the slope coeffi-
cients of linear space-time regressions. Teimthe slope 4 Assessment of spatial moments of catchment rainfall
coefficient of the regression of the produigiz)w(z) with
time; term is the slope coefficient of the regression of the Assessment of spatial moments of catchment rainfall is re-
weightsw(¢) with time. ported for five extreme storms and ensuing floods which
Equation (6) shows that the velocity formulation is given have been observed in Europe in the period between 2002
by the difference between two velocity terms. The first termand 2007 (Fig. 1). The case studies are the following:
describes the total storm motion, as related to the temporaSesia at Quinto (North-western Italy, 982%moccurred
evolution of the product of the weights of the precipitation on 4 July 2002, Sora at Vester (Slovenia, 21Zknoc-
w(¢) and of the centroidy (z). The second term describes the curred on 18 September 2007, Feernic at Simonesti (Ro-
temporal storm variability, as it is summarized by the tempo-mania, 168 kr), occurred on 23 August 2005, Clit at Ar-
ral evolution of the precipitation weights. Some examplesbore (Romania, 36 k), occurred on 30 June 2006 and
may help understand the concept of storm velocity in ideal-Grinties at Grinties (Romania, 51 x occurred on 4 Au-
ized cases. For the case of temporally uniform mean areajust 2007. The main features of the storms and ensuing
rainfall, w(z)is constant,Vs is equal to zero, and the value floods are reported in Table 1. These storms were selected
of Vs depends only on the evolution in time of the position of because of the various catchment sizes (ranging from 36
the rainfall centroid along the flow distance coordinatg). to 982kn?), storm durations (ranging from 5h30min to
Conversely, if there is only temporal variation of the mean 21 h) and space-time variability which characterize the storm
areal rainfall and1 (¢) is constant, the two velocity term&; events. The data concerning the events were derived from
and Vs, will be equal in value and opposite in sign, implying the flash flood data archive developed in the frame of the
that Vs will be equal to zero. Note that the sign of the velocity EU Project HYDRATE (www.hydrate.tesaf.unipd)i{fBorga
is positive (negative) for the case of upstream (downstreamgt al., 2010). The archive includes data from twenty-five
storm motion. major flash flood events that occurred in various regions of
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Europe since 1994, with twenty events occurred since 2000first 80 min (with a clear upbasin storm motion, as reflected
The hydro-meteorological data includes high-resolution rain-in the increasing values of the statistic) and then decreasing
fall patterns, flow type processes (either liquid flow or de- in the following three hours, where a downbasin storm mo-
bris flow or hyperconcentrated flows) and hydrographs ortion can be recognized. A strong downbasin storm motion
peak discharges. Climatic information and data concerningcan be recognized even for the Grinties during the period of
morphology, land use and geology are also included in thestrong flood-producing rainfall, with values &f steadily de-
database. These data enable the identification and analysiseasing from 1.2 to 0.7. The case of the Sesia river basin at
of the hydrometeorological causative processes and the indiQuinto, as well as that of Feernic, documents the striking
vidual reconstruction of the events by using hydrologic andeffect of the orography on convection development, with a
hydraulic modelling. concentration of the flood producing rainfall on the headwa-
For the five events, both original raw radar reflectivity val- ters and values af; ranging between 1.4 and 1.6 during the
ues and raingauge data were made available for rainfall estiperiod of flood-producing rainfall. Examination of the val-
mation. The quantitative precipitation estimation problem isues reported for Grinties shows that the spatial moments may
particularly crucial and difficult in the context of flash-floods take values quite far from one even in small basins. The val-
since the causative rain events may develop at very shomies ofs, generally reflects the trend 6f, as expected, with
space and time scales (Krajewski and Smith 2002; Bouil-small values of dispersion whéna is both larger or smaller
loud et al., 2010). The methodology implemented here forthan one, and values of dispersion close to one wheis
radar rainfall estimation is based on the application of cor-also close to unity.
rection procedures exploiting the understanding of radar ob- For three cases out of the five (Grinties, Sora and Sesia),
servation physics. It is based on (1) detailed collection ofthe values of the catchment scale storm velocity are signifi-
data and metadata about the radar systems and the raingaugently different from zero. For the case of Grinties, the value
networks (including raingauge data from amateurs and fronof storm velocity is steadily around0.2ms?® for the pe-
bucket analysis), (2) analysis of the detection domain andiod of strong rain rates, reflecting the important downbasin
the ground/anthropic clutter for the considered case (Pellarirmotion reported for the rainfall center of mass. A similar ve-
et al., 2002), (3) implementation of corrections for range- locity (—0.3ms 1) is found for the event occurred on the
dependent errors (e.g. screening, attenuation, vertical profileSora. An upbasin storm velocity value ranging between 0.3
of reflectivity) and (4) optimisation of the rainfall estimation and 0.4 ms?!is reported for the case of Sesia at Quinto. This
procedure by means of radar-raingauge comparisons at thealue is clearly consistent with the constant upflow of humid
event duration scale (Buoilloud et al., 2010). The methodol-air that sustained the formation of convective cells over the
ogy was applied consistently in the same form over the fivesteep topography of the basin. In the three cases, the values
storm events. of the storm velocity are relatively small with respect to the
Analyses of rainfall variability by means of the spatial flood flows celerity characterizing flash floods, which was
moments is attempted here to isolate and describe the feajuantified around to 3 nT¢ by Marchi et al. (2010) with ref-
tures of rainfall spatial organisation which have significant erence to several flash floods in Europe. Previous work on the
impact on runoff simulation. As such, spatial moments pro-impact of storm velocity on hydrograph shape (Ogden et al.,
vide information to quantify hydrological similarities among 1995) has shown that the effect of storm velocity is important
different storms, and support the transfer of knowledge andvhen its magnitude become comparable to that of flood flow
exchange of estimation and analysis techniques. The raineelerity. The significant differences between storm velocity
fall spatial moments and the catchment-scale storm velocand flood flows celerity suggests that even for these cases the
ity were computed at each time step (either at 15-min orvalues of storm velocity may be not large enough to influence
30-min time steps) as time series, to examine the variabilthe flood hydrograph shape. As a further step of the analy-
ity in time of the statistics. The time series of the first and sis, we examined the relationship between the statigtics
second scaled moments of catchment rainfall are reported iand A, (Fig. 2). The analysis is carried out by dissecting the
Plates 1 and 2, together with the basin-averaged rainfall ratejve study catchments into a number of nested subcatchments
the fractional coverage of the basin by rainfall rates exceed{see Table 2), as a means to examine potential catchment
ing 20mm it (this threshold has been selected to indicatescale effects on the relationship betwen and A,. The
a flood-producing rainfall intensity), and the storm velocity. subdivision into subcatchments was either based on earlier
The values of catchment scale storm velocity were computedhydrological analyses (see Table 1) where post-flood obser-
by applying Eq. {6). The two velocity term&/s; and Vs vations were used to derive indirect peak discharges (Borga
were computed by assessing the slope of the correspondingt al., 2008) or on availability of internal streamgauges. De-
linear regressions, by using a moving window with window tails are reported in the papers describing the relevant case
size equal to the catchment response time. studies (Sangati et al., 2009; Zoccatelli et al., 2010; Zanon et
The time series of the first scaled spatial mondermxhibit al., 2010). This subdivision will be used also for the hydro-
a relatively large variability, particularly in the Feernic case, logical simulations in Sect. 5. Overall, 27 catchments were
with the first scaled moments varying from 0.6 to 1.6 in the used for the computation a&f; and A,. The corresponding
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Fig. 2. Relationship between 1 andA,: (a) for the study catchmentéh) for specific classes of catchment area.

Table 1. Flood cases considered in the study.

Event Date Rainfall Area  Duration Raincum. Peakflow References
aggregation time (k&)  (hh:mm) (mm) (Ms 1

Sesia at Quinto 04/06/2002 30 982 21:30 111 1358 Sangati et al. (2009)

Feernic at Simonesti  23/08/2005 15 167 5:30 76 357 Zoccatelli et al. (2010)

Clit at Arbore 30/06/2006 15 36 7:00 81 156 Zoccatelli et al. (2010)

Grinties at Grinties 04/08/2007 15 52 7:00 67 89.5 Zoccatelli et al. (2010)

Sora at Vester 18/09/2007 30 212 17:45 157 384 Zanon et al. (2010)

Table 2. Number and area ranges of sub-basins examined in eaCH”lterestmg to note one case of Grinties, reporting a value of

case study.
Event Date Number of Range of
sub-basins  sub-basin areas
Sesia at Quinto 04/06/2002 9 75-982
Feernic at Simonesti  23/08/2005 9 5-167
Clit at Arbore 30/06/2006 2 12-36
Grinties at Grinties 04/08/2007 3 11-52
Sora at Vester 18/09/2007 4 32-212

catchment size ranges between 5 and 982, kmith 9 catch-

A around 0.7 in correspondence to a valueAgfequal to
1.03. This is one of the few cases in which a strong rainfall
concentration corresponds spatially to the geomorphologic
center of mass of the catchment. Wh&n exceeds the up-
per bound of the interval (1.07), the corresponding value of
Asis lower than 0.9. There is only one case‘af exceeding
1.1, indicating a case of multimodal spatial distribution of
rainfall. More than half of the cases show valueg\gfin the
range 1.05-1.4, documenting the effect of orography on the
spatial rainfall distribution. Indeed, one of the elements that
favour the anchoring of convective system is the orography,
which play an important role in regulating of atmospheric
moisture inflow to the storm and in controlling storm motion

ments less than 50 km10 catchments ranging between 50 and evolution (Davolio et al., 2006). Consistently with this

and 150 kr4, and 8 catchments larger than 150%m

observation, values ok less than 0.95 are not represented

Inspection of this figure shows that in 16 cases out ofin the study floods.

27 the value ofA; falls in a narrow interval around one
(0.95< A1 <1.07). In 13 cases out of these 16 casks,
ranges between 0.9 and 1.02, indicating that genersllis

As expected, all but two of the catchments with area less
than 50 kmi are characterized by values &f, and A5 close

close to one whem\ is also close to one. In these cases to one. For these cases, we expect a limited impact of rainfall
the first two scaled moments are virtually unchanged withspatial organization on flood response. On the other side, six
respect to the spatially uniform rainfall case. However, it is out of the eight cases with catchment area exceeding 150 km
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Plate 1.Precipitation analyses by using time series of precipitation intensity, coverage (for precipitation inte@ityn 1), §1(-), 82(-)

and storm velocity for Feernic, Clit and Grinties.
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are characterized by values of; larger than 1.2 and cor- and Zehe, 2011), i.e. the difference in the timing of the cen-
responding values oA, less than 0.8. These values (cor- troid of the hydrographs obtained by using either spatially
responding to subcatchments of Sesia and Feernic) imply distributed or spatially uniform rainfall, and analyse the rela-
strong concentration of rainfall towards headwater and a cortionship between this kind of error and tig statistic. For
respondingly low dispersion around the mean values. Ac-each subcatchment, the flash flood response was simulated
cordingly with the analysis reported in this work, these char-by using the actual rainfall spatial variability and then by us-
acteristics should translate to a delayed and more peaky hying spatially uniform precipitations, hence obtaining two dif-
drograph, with respect to the one obtained by using spatiallyferent hydrographs. Moreover, in order to clarify the relative
uniform rainfall. roles of transport paths and of heterogeneity in the runoff
generation processes, we performed numerical experiments
in which the infiltration and the difference between hillslope

5 Examination of runoff model sensitivity to rainfall and channel travel times are selectively “turned off”, by as-
spatial organization by using scaled spatial moments suming that the soil is impermeable and the hillslope and
of catchment rainfall: the case of the timing error channel celerity have the same value.

The statisticA1 is expected to quantify the hydrograph
In this section we quantify the effect of neglecting the rain- timing error. For storms characterised Ay larger than one,
fall spatial variability on the rainfall-runoff model applica- rainfall is concentrated towards the periphery of the catch-
tion. Hydrologic response from the five storm events overment, with the hydrograph delayed relative to the case of a
the 27 subcatchments analysed in Sect. 4 is examined bgpatially uniform rainfall. The opposite is true for rainfall
using a simple spatially distributed hydrologic model. The concentrated towards the outlet{ less than one); in these
distributed model is based on availability of raster informa- cases the hydrograph should be anticipated relative to the
tion of the landscape topography and of the soil and land usease of spatially uniform rainfall. A statistic, termed “nor-
properties. In the model, the runoff rajéx, y,r) (LT~1) at malised time differencediT, , is introduced to quantify the
time ¢ and locationx, y is computed from the rainfall rate timing error between the two hydrographs. The normalised
r(x,y,t) (LT~1) using the Green-Ampt infiltration model time differencedT, is computed by dividing the time differ-
with moisture redistribution (Ogden and Saghafian, 1997).ence between the two hydrograph centroids by the response
The adopted formulation of the Green and Ampt model hagtime of the catchmenk (Tt), as follows:
been chosen because it provides a simple, but not simplis- E(Ty pist) — E Taunit)
tic (Barry et al., 2005) and yet physically-based descriptiong7;, = —~-9-P'st g-Unif
of the infiltration-excess mechanisms. A simple description E(Te)

of the drainage system response (Da Ros and Borga, 199mhereE(Tq—Dist) and E(T4_unit) are the hydrograph cen-

is used to represent runoff propagation. The distributedgids corresponding to the hydrographs generated by using
runoff propagation procedure is based on the identificationspatially distributed rainfall (termed “reference hydrograph”
of drainage paths, and requires the characterization of h'”‘nereinafter) and spatially uniform rainfall, respectively. A
slope paths and channeled paths. A channelization suppofositive (negative) value afT, implies a positive (negative)
area (1s) (L) is used to distinguish hillslope elements from ghift in time of the reference hydrograph with respect to the
channel elements. The model includes also a linear concegsne produced by using uniform precipitation. It should be

tual reservoir for base flow modeling (Zoccatelli et al., 2010). noted that Eq.18) may written down by exploiting Eq10)
The reservoir input is provided by the infiltrated rate com- 55 follows:

puted based on the Green-Ampt method. The model param- . .
eters were estimated over the catchments available for eac@Tn — E(Tq.pist) — E (Tg_unif)

(18)

event by means of a combination of manual and automatic E(Tc)

calibration to minimize either the Nash-Sutcliffe efficiency E(Ty)+ 218 _ p(T)— &

index over the flood hydrographs (for the gauged catchments) = = —=A1-1 (19)
or the mean square error over the flood peak and the timing v

data (rise, peak and recession) (for catchments where runoftquation (9) shows that the normalised timing error is re-
data were provided from post-event surveys). Details aboutated in a simple way to the spatial organisation of the rain-
the application of the model to the individual events, its cali- fall fields by means of the scaled spatial moment of order
bration and its verification are reported in the relevant paperone. The comparison between the two hydrographs is ex-
(Sangati et al., 2009; Zoccatelli et al., 2010; Zanon et al.,emplified for the cases of Sesia at Quinto (98Zkrand
2010). In general, the model simulations of the flood hy- of Grinties at Grinties (52k#) in Fig. 3a and b, respec-
drographs were closer to observations for the smaller basingvely. The storm event which triggered the Sesia flash flood
where the linear routing approach implemented in the modelvas characterised by a strong concentration of rainfall to-
provides a better description of the actual processes. In thisvards the headwaterg\( = 1.33, Ao =0.79) , which im-

first exploratory work we focus on the timing error (Ehret plies a longer and more peaked catchment response with
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Fig. 3. (a, b} Modelled flood hydrographs obtained by using spatially distributed and uniform precipitation, for the da¥}&eséia at
Quinto (982 knf) and(b) Grinties at Grinties (52 k).

respect to that corresponding to the case of spatially unicatchments are reported in Fig. 5a and b, showing again a
form precipitation. Correspondingly, the simulated flood strong linear relationship. The linear regression is as follows
peak obtained by using spatially uniform rainfall is too early )

(dT,, =0.3) and its amplitude is too large with respect to the dT,=0.72A1-0.72 r®=0.99 (21)
“reference” hydrograph. For the case of Grienties, the stor
event was heavily concentrated over the catchment centroni‘g
(A1 =1.03,A2=0.72), which has no implications in terms
of response timingdT,, = 0.05) but translates to a much less
peaked catchment response from spatially uniform rainfall
with respect to the “reference”. Both cases show clearly
the impact of neglecting the spatial distribution of rainfall in
rainfall-runoff modelling even at small and moderate catch-
ment sizes.

he introduction of the hillslope travel time leads to a de-
rease of the slope of the regression line, which decreases
from 1.0 to 0.72. This corresponds to a linear decrease of
the timing error by 28 %, showing that the main effect of in-
troducing the hillslope system is to decrease the influence of
the rainfall spatial organisation on catchment response. Itis
likely that increasing the role of the hillslope residence time
will further reduce the sensitivity of the hydrological model
i to rainfall spatial organization. The high determination co-
To clarify the role of runoff transport processes alone onegficient of the regression line is a remarkable finding, since
the sensitivity of runoff model to rainfall spatial organisation, the hilisiope travel times were calibrated individually to each
we carried out three different sets of numerical experimentsfqood event. This may suggest that the relative contribution
!n the f_irst case, the s_oil is assum_ed everywhere completely hillslopes and channels to the average residence time is
impervious and the hillslope celerity has the same value agaiher similar through the various events. This is not surpris-

the channel celerity. The rainfall-runoff model in this case jng, given the extreme character of all the floods considered
is subject to the same assumptions used to derive the spatig this work.

moments statistics. Results for the relationship betvesign In the third case, the model includes the actual distribu-
and A for the various catchments are reported in Fig. 4a.tion of the infiltration parameters and different celerities are
whereas Fig. 4b displays the same results for various classg§gseq to simulate hillslopes and channels. The relationship

of catchment size. The results show a linear relationship bepetweerdT, andA1 is reported in Fig. 6a and b, whereas the
tween the two variables, as expected. The linear regressiofjyear regression is as follows

is as follows
dT,=1.98A1—207; r?>=0.83 (22)

2
dT,=10014A1 -1.0019 r°=1 (20) The linear regression is characterized by a lower determina-

tion coefficient with respect to the previous cases. This re-
which reproduces very well EqL9). flects the specific features of each flood event. Results shown
In the second case, the soils are again considered impervin Fig. 6 indicates the impact of rainfall spatial organization
ous, whereas the hillslopes and channels elements are copn flood modeling for small to moderate basin sizes. The
sidered separately, and are characterised by the celeritigming error introduced by neglecting the rainfall spatial vari-
identified by means of the model calibration process. Re-ability ranges between 30 % to 72 % of the corresponding
sults for the relationship betweelT,, andA; for the various  catchment response time. A feature worth noting in Fig. 6a
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Fig. 4. (a, b)Y Relationship betweedT, and A1 obtained by considering impervious soils and neglecting the hillslope travel time in the
hydrological model. The relationship is reported a) the study catchment§) specific classes of catchment area. The dashed line is the
linear regressiod 7, = 1.0014A1 — 1.0019(r2 = 1).
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Fig. 5. (a, b) Relationship betweedT,, and A1obtained by considering impervious soils and the hillslope travel time in the hydrological
model. The relationship is reported f(a) the study catchmentgb) specific classes of catchment area. The dashed line is the linear
regressioniT, = 0.72A1 — 0.72 (r2 = 0.99).

and b is that the slope and the intercept of the linear regresstronger offset towards either the periphery of the catchment
sion are higher than those corresponding to B).( This or the outlet as a result of the non-linear hydrological pro-
effect is the result of the non-linearity characterizing the rain-cesses implied in the runoff generation. This effect leads to
fall to runoff transformation. Zoccatelli et al. (2010), in an a steepening of the linear relationship betwe@p and A1,
investigation concerning three extreme flood events, showeavhich increases from 0.72 to 1.98. Overall, the combination
that the non-linearity in the rainfall-runoff transformation of the results displayed in Fig. 5a and b and Fig. 6a and b
leads to a magnification of the values of ti§, statistics  shows that the effect of the rainfall-runoff transformation on
with respect to those obtained in the impervious case. Esthe relationship betweetl,, andA1 are stronger, at least for
sentially, this means that when rainfall is either focused onthe considered case studies, than the effect of the hillslope
the headwaters or on the outlet, the runoff exhibits an evenresidence time. An important implication of these results is
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Fig. 6. (a, b} Relationship betweetiT;, and A1 obtained by considering infiltration and the hillslope travel time in the hydrological model.
The relationship is reported fda) the study catchmentgb) specific classes of catchment area. The dashed line is the linear regression
dT, =1.98A1 —2.07 -2 =0.83).

that the method based on the spatial moments provides use- The analysis reported here suggests that the proposed rain-
ful information on the potential impact of the rainfall spatial fall statistics are effective in (i) describing the degree of spa-
organisation on the features of the ensuing flood hydrographtjal organisation which is important for runoff modelling and
in spite of the assumptions used for its derivation. (i) quantifying the relevance of rainfall spatial variability on
flood modeling, with specific reference to the timing error.
i ) , This is an essential aspect of this work, since our outcome
6 Discussion and conclusion clearly shows that catchment response is sensitive to spatial
. . . ._heterogeneity of rainfall even at small catchment sizes. The
In this paper, we proposed a new set of spatial rainfall statis-

tics which assess the dependence of the catchment flood ré'—m ing error introduced by neglecting the rainfall spatial vari-

- 0 0 )
sponse on the space-time interaction between rainfall and bility ranges betweer30 % to 72% of the corresponding

. A atchment response time. It should be borne in mind that the
the spatial organization of catchment flow pathways. Name : o .
. i : N - loods considered in this work are very intense flash floods
spatial moments of catchment rainfall”, these statistics de-

. . . P characterised by strong rainfall gradients.
scribe the spatial rainfall organisation in terms of concen- beli hat th ) h of th hod lies i
tration and dispersion statistics as a function of the distance t\JNe € |e\(/je that ;_e mf;unh stlr_erlw(gt 0 bt e met ﬁ 'ES In
measured along the flow path coordinate. The introductiorft P€Uter understanding of the linkages between the charac-

of the spatial moments of catchment rainfall permits deriva-t€1stics dOf tr}e hr amfallhspanalﬂpagterns with thehghape {::jnd
tion of the concept of catchment scale storm velocity, whichMagnitude of the catchment flood response. This provides

quantifies the up or down-basin rainfall movement as filtered®" indicator at catchment scale that integrates morphology

by the catchment morphological properties relative to the2"d rainfall space-time distribution, and that can be used to
storm kinematics. The work shows how the first two spatial ©°MPare influence of rainfall distribution across basins and
moments afford quantification of the impact of rainfall spa- SCal€s. This is a fundamental aspect, since it enables evalu-
tial organization on two fundamental properties of the flood 21ind the accuracy with which rainfall space and time distri-
hydrograph: timing (surrogated by the runoff mean time) angdoution neeq to be observed for a given type.of storm evgnt
amplitude (surrogated by the runoff time variance). The first2nd for a given catchment. For example, this may provide

spatial moment provides a measure of the scaled distancBW Statistics and criteria both for defining the optimality of
from the geographical centroid of the rainfall spatial pattern'2/n9auge network design in areas where flash floods are ex-

to the catchment centroid. The second spatial moment propected and for evaluating the accuracy of radar rainfall esti-

vides a scaled measure of the additional variance in runoff"ation algorithms and attendant space-time resolution.

time that is caused by the spatial rainfall organization, rela- The method proved to give reliable results in the context
tive to the case of spatially uniform rainfall. of flash floods. It would be useful to check the rainfall statis-

tics and the methodology behind them for a wider variety of
catchments and events, to explore how it can be extended to
other cases. The statistics could also be used for assessing
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and quantifying hydrological similarity across a wide range A2 Derivation of Eq. (13

of rainfall events and catchments, within the broader frame-

work of comparative hydrology. For instance, the method Equation (23) in V2010 (Eq. V23 hereinafter) provides the

can be used to identify the features of catchment morphologyariance of the time to route the rainfall excess to the catch-
which attenuates (Or magmfy) the effects of rainfall Space-ment outlet. Using the same notation used in the current
time organization. With the use of the spatial moments, thework, Eq. (V23) is written down as follows:

interaction of rainfall forcing and catchment characteristics . g Covey[d(xy)2ors (x.3)]

can be described not only in terms of mean areal rainfall, butVar(Te) = L = i, 2224

also by considering the features of rainfall spatial concentra-_ Co% yld(x, >> fr<x b)) [281 Cov, @, y),re(x,¥)]
tion and the storm velocity. For example, this may help to vFo vl

reveal the effect of orography not only on the precipitation  Equation (A3) is developed as follows to derive EtR)¢
accumulation at the catchment scale, but also on the space-

time organization of the rainfall patterns. 2

(A3)
]

f d(x,y)2r(x,y)d A

82—
Further research should also focus on the concept of the Var(To) = %5 + 4 AvZP, B %
catchment scale storm velocity. The introduction of this con- — (_ — ) (Pov + gl)
cept permits assessment of its significance for actual flood P PP\ 1 Aolg-gd
cases and analyses of the space and time rainfall sampling 7, — )T T 2

schemes which are required for its adequate estimation for
various catchment scales and configurations. There is als&3 Derivation of Eq. (15)
a need to extend the formulation of the spatial moments of . . . .
catchment rainfall to incorporate the hillslope transit time asEquation (25) in V2010 (Eq. V25 hereinafter) provides the
a way to conceptualise the impact of the hillslope system orrovariance between the rainfall time and the routing time.
the catchment's filtering properties. Using the same notation used in the current work, Eq. (V25)
Finally, the rainfall statistics introduced in this paper could is Written down as follows:

be used asan input to a new generation of sem|—d|str_|bgted Cov,[T Cov, y[d(x,y).r(x y’t)]]
hydrological models able to use the full range of statistics,Cov(Ty, Tc) = P
and not only the mean areal rainfall, for flood modeling and

Y J _ Cow[T. po(t)] Cove,,[d(x.y).r: (x. )]

forecasting. This will permit extending the capabilities of (A4)
this class of hydrological models to rainfall events character- Po vPo
ized by significant rainfall variability. Equation (A4) is developed as follows to derive ELE)
Cov(Ty, Te) = g1 Cov[T, al(t)w(t)] —a Cov [T, w(®)]
Appendix A Covt[T w(r)] Covy, »[d(x W, »l _ !
COV,[T,él(t)w(t)] Cov,[T w(n)] _
. . +Aqg1—
In this Appendix we show how Eqsl(@), (13) and (L5) may ! v (g1 A1g1—g1) =

be derived from V2010. For this, we start from Eqs9)( Cov[T,81(0w(1)] Cow[T,w(r)]
gl b _ b A

(23) and (25) in V2010. - -

Al Derivation of Eq. (10) term1 term2

Equation (9) in V2010 (Eq. V19 hereinafter) provides the

average time to route the rainfall excess from the geograph-

ical centroid of the rainfall spatial pattern to the catchmentAcknowledgementsThe work presented in this paper has been
outlet. Using the same notation used in the current work,carried out as part of the European Union FP6 Project HYDRATE

Eq. (V19) is written down as follows: (Project no. 037024) under the thematic priority, Sustainable
Development, Global Change and Ecosystems and by the Research
Cov, y[d(x,y),r(x, Project GEO-RISKS (University of Padova, STPDOSRWBY).
B =24 Lﬂ:;)xyﬂ (A1) j ( y )
0

Edited by: R. Uijlenhoet
where Coy ,[] is the spatial covariance.
Equation Al is developed as follows to derive ELD)(

E(To) = gl + Covy,y d(:]%) (X, y)]
fd(x Vre(x,y)dA (AZ)
& A _a_h_ A
v AvPy v Pov v
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