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1. INTRODUCTION

In hydrological warning systems,  precipitation 
nowcast  is a crucial issue in order to extend the time 
series of  precipitation inputs feeding in real-time the 
runoff  forecasting models. Indeed, even if  a perfect 
rainfall-runoff  model is used, the mere restriction due 
to the use of  the measured rainfall up to a given 
moment will lead to a significant reduction of  the 
hydrological model forecasting performances. Figure 
1 shows how severe this reduction could be in a given 
case, and how important is for the flow forecasting in 
medium-sized basins (from hundreds to thousands 
km2) to incorporate a quantitative forecast of  the next 
rain rates: even in the case of  rainfall forecasts 
affected by  significant errors in the temporal 

distribution,  their use lead to better results  than non 
considering forecasts at  all.

Figure 1: Example of the relevance of rainfall forecasts 
in hydrological warning systems: Even if the 
hydrological model used is able to reproduce the 
observed flows (solid curve) when all the rainfall input is 
known (blue line), it provides poor results when just the 
previous recorded rainfall are used, green line (note 
that this is the normal case in operational flood 
forecasting). The use of rainfall forecasts, even if they 
are affected by significant errors in the temporal 
evolution, lead to much better results (orange line) than 
non considering any rainfall forecasts. The plots shows 
these results at two different time step of the event.

In this framework, radar information is very  useful 
since its high resolution, both in time and space, 
provides a good description of  the rainfall field 
evolution. Thus, nowcasting techniques based on 
radar have shown some skill in extending the 
anticipation with which flow forecasts may  be 
simulated through a distributed rainfall-runoff  model. 
However, this improvement has been found to be very 
dependent on the nature of  the event: the quality  of 
flow forecasts  decays rapidly  for fast  evolving 
precipitation patterns (for example, when short-lived 
convective cells  affect the studied basin). 

The main purpose of  the present work consists of   
coupling the precipitation and hydrological forecasts , 
and explore the relation between the predictability  of 
rainfall fields and the ability  to anticipate the response 
of  a given hydrological basin (that is, to obtain flow 
forecasts of  good quality).

2. COUPLING PRECIPITATION NOWCASTING 
AND FLOW FORECASTS

An extensive review and classification of  existing 
nowcasting techniques can be found in Wilson et al. 
(1998) and Wilson (2003). Among the nowcasting 
techniques based on the extrapolation of  most recent 
radar observations the techniques developed by 
Germann and Zawadzki (2002) and Seed (2003) take 
into account that the small-size patterns of  the 
precipitation field decorrelate faster than those that 
have larger scales. Therefore,  they  propose to filter 
out the small-scale patterns as the forecasting time 
increases.  The main purpose of  the present study  is to 
assess the performance of  one of  these nowcasting 
techniques (S-PROG -Seed 2003-) in the area of 
Barcelona (NE Spain) from two different perspectives: 
(a) from the perspective of  the forecasted precipitation 
fields and (b) from the perspective of  the forecasted 
flows simulated with a distributed rainfall-runoff  model 
fed with the forecasted rainfall.

This  second point of  view matches with the 
concept of  hydrological validation (Sempere Torres et 
al.,  1999). This concept consists of  assessing the 
performance of  any  technique applied to improve 
precipitation estimates from the perspective of  the 
discharges simulated by  a rainfall-runoff  model. 
Particularly, the hydrological validation can be used to 
measure the impact of  the rainfall forecasting on the 
ability  of  the hydrological model to anticipate the 
flows,  thus it turns out to be an interesting approach to 
verify  the goodness of  the different methodologies 
when the aim is  not just to forecast  the rain rates in a 
given point,  but providing estimates of  the rainfall 
affecting a surface (the hydrological basin). So the 
results are assessed in terms of  a derived integral 
variable (the flows at the outlet of  the basin), providing 
a more realistic picture of  what can be achieved in 
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hydrological applications than what the punctual 
comparisons in term of  rain rates can offer.

A main point in hydrological validation is which 
reference hydrograph is used to compare it  against 
the simulated flows. The main sources of  reference 
hydrographs  are flow observations (Obled et al.  1994; 
Sun et al. 2000; Carpenter et al. 2001; Borga 2002; 
Gourley  and Vieux 2003; Kouwen et al. 2004; Vieux 
and Bedient 2004) and hydrographs computed with 
the hydrological model using series of  precipitation 
fields, both obtained from raingauges (Borga 2002; 
Pellarin et al 2002) or in a simulation framework 
(Winchell et al. 1998; Sánchez-Diezma et al. 2001). 
But few papers focused in the effect of  using short-
term forecasted precipitation fields based on 
meteorological radar data jointly  with a rainfall-runoff 
model.  

In the present study, the hydrograph simulated by 
the distributed rainfall-runoff  model DiCHiTop (see a 
description in Corral et al. 2001) using the full series 
of  observed radar fields was chosen as the reference 
hydrograph.  Working in such a way  allows us to 
analyze the improvements achieved by  using 
forecasted precipitation fields separately  from the 
accuracy  of  the rainfall-runoff  model (since both 
forecasted and reference are using the same one). 
However, in order to derive reliable results it  was 
previously  necessary  to set a good set of  parameters 
for DiCHiTop by  calibrating the model to typical rainfall 
runoff  events on the studied basin. This ensured a 
good performance of  the model, producing realistic 

estimated hydrographs, comparable to measured 
flows (for the implemented model, this was analyzed 
in detail in the study  of  Corral 2004).

3. THE NOWCASTING TECHNIQUE

The implemented technique for the rainfall short-
term forecasting is based on S-PROG (see a detailed 
description in Seed 2003) and although there are  
some slight differences in comparison with the original 
description,  we will use this name hereafter. S-PROG 
is a simple extrapolation technique that assumes 
steady  state conditions, in the sense that the most 
recently  measured precipitation field is advected 
according to an estimation of  the current motion field 
of  the precipitation (see a general scheme in Fig. 2).

Additionally, S-PROG proposes to filter out the 
small scale patterns of  the rainfall field as the 
forecasting time increases (see an example of  the 
forecast  in Fig. 3), because the temporal evolution of 
the patterns of  the precipitation field having smallest 
scales have been demonstrated to be very 
unpredictable using an extrapolation technique 
(Germann and Zawadzki 2002).

3.1. Tracking algorithm

The algorithm implemented to estimate the motion 
field of  precipitation is based on TREC (Tracking 
Radar Echoes by Correlation -Rinehart and Garvey 
1978-) to which continuity  is imposed (in the way 
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Figure 2: General scheme of the implemented rainfall field nowcasting technique. From most recent observations at time t, 
the motion field and coefficients of the AR(2) models that drive the evolution of each range of scales are derived. The forecast 
at t+n is obtained as the composition of the fields , which are advected according to the motion field derived at t.



proposed by  Li et al. 1995). The motion field is 
obtained with a given resolution (in this  case, 16 km) 
and it  is finally  densified to the pixel resolution using 
linear interpolation.

3.2. Spectral decomposition

Each obseved reflectivity  field Z(t) (expressed in 
dBZ) is decomposed into a set  of  m field components 
Yk(t) representing the variability  of  the precipitation in 
a range of  scales 2k to 2k+1 (km), where k∈[1,m], 

assuming a multifractal structure of  precipitation fields 
that  allows modeling them as a multiplicative cascade 
(an extensive review and discussion of  this hypothesis 
may  be found in Seed 2003).  This decomposition is 
carried out using different band-pass filters in the 
Fourier spectrum (see Fig. 2).

After normalizing these field components, Yk(t), 
according to equation (1), an AR(2) model is fitted to 
the temporal series of  each Xk(t) using equation (2).

    

� 

Xk,i, j (t) =
Yk,i, j t( )  µk t( )

 k t( ) (1)

    

� 

Xk,i, j (t) =1,k t( )  Xk,i, j (t 1) +2,k t( )  Xk,i, j (t  2) +  k,i, j (t) (2)

where i and j stand for the pixel position, μk(t) and 
σk(t) are the mean and standard deviation of  the field 
component Yk(t), the coefficients 1,k(t) and 2,k(t) are 
obtained with the Yule-Walker equations as a function 
of  the lag 1 and lag 2 autocorrelation coefficients, and 
εk,i,j(t) is a white-noise process.

3.3.  Forecasting

Since the temporal evolution of  each level is 
modeled according to an AR(2) model,  the forecasted 
lead time n of  the normalized field component, 

, can be generated recursively  following the 

model given in equation (3) (where the noise term, ε, 
is set  to 0 to produce the expected “best” forecast):

    

� 

ˆ X k,i, j t + n( ) = 1,k t( )  ˆ X k,i, j t + n 1( ) +2,k t( )  ˆ X k,i, j t + n  2( ) (3)

The  fields are finally  recomposed by 

means of  equation (4).

    

� 

ˆ Z i, j t + n( ) = µk t( ) + k t( )  ˆ X k,i, j t + n( )
k =1

m

 (4)

Since smallest scales are less autocorrelated, 
forecasted fields representing small-scale variability 
will quickly  tend to the k-component field mean, μk(t). 
Therefore, recomposed fields get smoother as the 
forecasting time increases, while the larger scale 
characteristics persist relatively  longer (see Fig. 3).

The recomposition of  the reflectivity  field  

is done in the Lagrangian domain, which means that 
this  field is advected according to the estimated 
motion field derived at t with the mentioned TREC 
technique. The motion field is kept stationary  during 
the forecasting time and it  is implemented according 
to a backward scheme (see Fig. 8 of  Germann and 

Zawadzki, 2002). The advected reflectivity  is thus 
obtained from the velocity  vector estimated at each 

point ,   

� 

v t( ) = ut,ij ,vt ,ij[ ],
 according to:

  

� 

ˆ Z i, j t + n( ) = ˆ Z ii, jj t + n 1( ) (5)

where ,  and Δt is the time 
step. 

4. IMPLEMENTATION FRAMEWORK

The implementation of  S-PROG was carried out in 
the vicinity  of  Barcelona (see Fig. 4). This region has 
a typical Mediterranean climate: it is affected by 
intense rainfall events that frequently  lead to important 
floods. In this area, at  the end of  summer, mountain 
ranges near the coast act as natural barriers causing 
the updraft of  warm wet air from the sea, what 

Figure 4: Location of the study area. Right: Triangle 
indicates the location of the Corbera C-band radar. The 
circumference shows the radar maximum range (240 km) 
and the dashed line square is the 256x256 km2 domain 
where the validation was carried out.

Figure 3: Top: Radar reflectivity fields, measured on 15 
January 2001at 22:20, 22:50 and 23:20 UTC. Middle: 
30- and 60-minutes forecasts generated on 15 January 
2001 at 2:220 UTC by simple advection of radar fields 
(Lagrangian persistence). Bottom: 30- and 60-minutes 
forecasts generated on 15 January 2001 at 22:20 UTC 
by S-PROG (adding scale filtering to Lagrangian 
persistence).
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encourages the generation of  local intense convective 
storms. However, stratiform systems (with high spatial 
and temporal extensions) are also common, 
especially  in winter and spring.
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Figure 5: Basins where the proposed nowcasting 
technique is hydrologically validated: the quality of 
forecasted precipitation fields was assessed in three 
different-sized catchments: Besòs (1015 km2), Mogent 
(180 km2) and Ripoll (65 km2). 

The validation was carried out on six selected 
rainfall events corresponding both to convective and 
stratiform situations (the radar loops of  the events can 
be watched at http://www.grahi.upc.edu/events.php). 
In order to seek possible scale effects,  the analysis 
has been performed in four different-sized domains. 
The first one is the 256x256 km2 square centered at 
the radar site (see Fig. 4) and the other 3 correspond 
to the Besòs basin (1015 km2) and two of  its sub-
basins: Mogent -180 km2- and Ripoll -65 km2- (see 
Fig.  5).

The hydrological validation has been carried out in 
the framework of  the Besòs basin and its sub-basins 
in four of  the selected events (for which significant 
flows were measured in this basin). The Besòs river is 
a Mediterranean complex catchment:  the upper part 
(with some mountains above 1000 m) is mainly  rural 
and afforested, while the planes have suffered a 
continuous urbanization process during the last 
decades, being the area close to the outlet very 
densely  populated. This basin is instrumented with 7 
level sensors (but only  the 3 of  them defining the 
analyzed basins are used in this study) and well 
covered by  the catalan radar network.

4.1 . Radar data

For this study  we have just  used the nearest radar 
to the basin, the C-band radar of  the Spanish Institute 
of  Meteorology  (INM) located at Corbera de Llobregat, 
near Barcelona (between 15 and 60 km far from the 
basin,  see Fig. 5).

Raw radar data were corrected for mountain 
screening effects (with the algorithm proposed by 
Delrieu and Creutin 1995), ground clutter 
contamination (the technique proposed by  Sánchez-
Diezma et al. 2001, was used both for ground echoes 

identification and for their substitution with rainfall 
estimation) and problems of  signal stability  (with the 
technique described by  Sempere-Torres et al. 2003).

4.2 . The rainfall-runoff  model

DiCHiTop (see a more complete description in 
Corral et al. 2001 and in Corral 2004) is a grid-based 
model designed to use distributed rainfall fields. The 
basin is  split  into square hydrological cells  matching 
the radar information (in the case of  this application, 
with a resolution of  2x2 km2). At this cell scale, a 
twofold lumped model is applied to transform 

precipitation inputs into flow depending on the degree 
of  urbanization of  each cell. In rural areas, the runoff 
is generated using the TOPMODEL equations (Beven 
and Kirkby 1979), while in urban cells the SCS loss 
function (Mockus 1957;  Rawls et  al.  1992) is applied. 

The runoff  generated at each cell is routed to the 
outlet  of  the basin according to a transfer function 
derived from the main drainage system, which 
classifies basin cells as hillslope or stream cells. In 
the hillslope path, the output from a cell is attenuated 
in its  journey  to the nearest stream, where a fully 
channeled flow is assumed. This response is thus 
modeled by  applying the Nash Unit Hydrograph (Nash 
1957) in the hillslope path and a time delay  in the 
stream, which is dependant on the distance to the 
outlet.

The hydrograph at the basin outlet  is finally 
calculated as the linear combination of  all transferred 
cell hydrographs (see a general scheme of  the model 
in Fig. 6).

The five parameters of  the distributed rainfall-
runoff  model DiCHiTop were previously  calibrated for 

P

t

TOPMODEL
rural cell

OUTLET

CELL

TOTAL

Q cell

Qb + Qse

Q =  Q cell
cell

RZ Qv

D
Qes

Qb

NSZ

SZ

P

SCS
urban cell

TOPMODEL stores

Routing

Loss function

Nash UH G(n,K)

Time delay (tr)

Nash UH G(n,K)

Time delay (tr)

time

tr

U
H

Transference function

rural cell
Topmodel

2x2km2
hillslope

river

HYDROLOGICAL

CELL 

urban cell

SCS

Figure 6: Scheme of the distributed rainfall-runoff 
model DiCHiTop: the basin is divided into a grid of 
square hydrological cells using a DEM. The 
generation of runoff at the cell scale depends on the 
degree of urbanization.These cell flows are routed to 
the outlet of the basin independently by means of a 
Nash Unit Hydrograph derived from the drainage 
system. Finally, the basin hydrograph is calculated as 
the linear combination of all the routed cell 
hydrographs. 



the Besòs basin by  means of  an optimization process 
minimizing the Root  Mean Square Error (RMSE) 
between simulated and observed hydrographs for a 
number of  events (different to those analyzed here). 
The model is currently  running in real-time at the 
Water Agency  of  Catalunya hydrological warning  
center  using raingauge-adjusted radar fields with a 
time step of  10 minutes (a full description and analysis 
of  the performance of  the model may  be found in 
Corral 2004).

5. VALIDATION IN PRECIPITATION TERMS

The first evaluation consisted of  assessing the 
differences between the forecasted and the observed 
precipitation fields. Results  are presented in terms of 
the RMSE as a function of  the forecasting time (also 
called lead time) in units of  rain rate, assuming a 
climatological Z-R relationship for the studied area 
derived from disdrometer measurements (Sempere-
Torres et  al.  1997;  Sempere-Torres et  al.  1998).

The performance of  S-PROG is thus compared 
against  the results of  Eulerian and of  Lagrangian 
persistences.  These three techniques represent 
progressive levels of  sophistication: the difference 
between Eulerian and Lagrangian persistences is that 
advection of  the rainfall field is introduced in the 
second (according to the motion field estimated with 
the TREC technique of  section 3.1.);  on the other 
hand, the difference between Lagrangian persistence 
and S-PROG is that S-PROG filters out small-scale 
patterns of  the rainfall field.

Figure 7 shows the results of  comparing 
precipitation forecasts against  actually  measured 
radar fields expressed in terms of  the RMSE (in mm h
-1). In the entire analyzed domain (256x256 km2) and 
for all studied cases, Lagrangian persistence 
produces better results than Eulerian persistence. 
Moreover,  the introduction of  scale filtering (S-PROG) 

yields significantly  better results, and in general terms 
this  improvement is independent of  the size of  the 
analyzed domain.

A further discussion can be found at Berenguer et 
al.,  2005.

6. HYDROLOGICAL VALIDATION

As the main objective of  the present study  was to 
validate different rainfall nowcasting techniques from a 
hydrological point of  view it was,  therefore, necessary 
to compare forecasted hydrographs against a 
reference hydrograph.

As mentioned in section 2, we defined the 
reference hydrographs as the output  flows simulated 
with the rainfall-runoff  model at the outlet of  the basin 
using as input the complete series of  observed radar 
fields. In this  study, they  were assumed to be the 
reference, since the reference hydrographs are 
expected to be the best estimates of  the actual 
discharges at the outlet.

On the other hand, forecasted hydrographs were 
obtained according to the analysis of  the multiple step 
ahead forecast (see for example WMO 1992): They 
are built  with the flow estimates forecasted using the 

model with an anticipation  at each time step of  the 
event, ti (i=1,...,p). At ti, all available rainfall information 
(both the radar fields measured between t1 and ti and 
the forecasts for ti+1,...,ti+ -where  is the duration of 
the rainfall forecast-) is input to the rainfall-runoff 
model to produce the simulated hydrograph that 
would be available at ti in operational real-time 
conditions.  Thus, hereafter, we will call them real-time 
hydrographs  (p real-time hydrographs  are generated 
during the event). Finally, the forecasted hydrograph 

obtained with an anticipation  is built from the set of 
the p real-time hydrographs, as the sequence of  the p 
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flow values     

� 

Qti ti + ( )  forecasted at each time step ti 

for ti+ (i=1,...,p).

This  way  of  generating forecasted hydrographs 
allows us to assess the reliability  of  runoff  estimates 

simulated for  hours ahead. This methodology  was 
chosen as an option close to operational conditions of 
real-time flow-forecasting systems. However, 
forecasted hydrographs may  not be considered as 
“real hydrographs”, because they  are not generated 
with an only  run of  the rainfall-runoff  model, but with 
the flow estimates simulated at different time steps, 
from the set of  real-time hydrographs of  the event.

Finally, the statistic used to evaluate the quality  of 
forecasted flows is the multiple step ahead forecast 

efficiency  index,     

� 

eff ( ) :  the forecasted hydrographs, 

    

� 

Qti - ti( ) , were compared against the reference 

hydrograph,    

� 

Qref ti( ) , in terms of  the Nash efficiency 
(Nash and Sutcliffe 1970) expressed as a function of 
the anticipation with which the flow estimates were 

forecasted, t (see equation 6, where 

� 

Qref  is the mean 
flow value of  the reference hydrograph).

    

� 

eff ( ) =1
Qref ti( ) Qti  ti( )[ ]2

ti =

t p



Qref ti( ) Qref[ ]2
ti =

t p


(6)

Figure 9 shows the evolution of  the efficiency  of 
forecasted hydrographs (compared to the reference 

hydrograph) with the anticipation of  flow forecasting,  
, for two selected events.  The results obtained using 
rainfall forecasts obtained with Lagrangian 
persistence (dashed line) and S-PROG (solid line) are 
compared against the results of  considering no 
precipitation forecast as input of  the rainfall-runoff 
model (dotted line).

In all cases, the inclusion of  a nowcasting 
technique based on radar scans (Lagrangian 
persistence or S-PROG) significantly  improved the 
quality  of  the forecasted hydrographs. However, the 
hydrographs simulated with precipitation fields 
forecasted using S-PROG were not better than those 
obtained using rainfall fields derived by  simple 
advection of  the last radar scan. This result may  be 
explained by  two factors: (a) because hydrological 
basins tend to integrate and filter out precipitation 
patterns,  making the filtering capacity  of  S-PROG 
useless compared to Lagrangian persistence (an 
additional filter of  small-scale patterns is not 
worthwhile),  and (b) because this filtering is modifying 
the intensity  values distribution with the forecasting 
time as the advected field gets smoothed, affecting 
also the mean areal rainfall over the basins.

7. ANTICIPATION ABILITY AND PRECIPITATION 
LIFETIME

Taking into account that in general terms a 
simulated hydrograph obtaining a Nash efficiency  of 
0.90 may be considered as a good match to the 

Figure 8: Evolution of the Nash efficiency of the forecasted hydrographs as a function of the anticipation with which 
hydrographs are simulated, . Different lines represent hydrographs simulated with precipitation fields forecasted with 
different techniques: with no forecast (dotted line), Lagrangian persistence (dashed line) and S-PROG (solid line).
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reference hydrograph, the anticipation for which this 

efficiency  is obtained, 0.90, can provide an idea of  the 
anticipation with which simulated flows could be 
accurately  forecasted. For instance, without any 
rainfall forecast, for the cases of  22 December 2000 

and 19 July  2001 in the Besòs basin, 0.90 was around 
90 minutes). This  may  be considered as a first 
approximation of  the lag time of  this basin 
(approximately, the time elapsed between the rainfall 
input and the main response of  the basin), which may 
be estimated between 90 and 120 minutes, 
depending on the event.

In the Besòs basin, the results show that 0.90 
could be extended further between 10 and 80 minutes 
when a nowcasting algorithm based on radar scans is 

implemented (seeFig. 9). It  is  also shown that 0.90 
clearly  depends on the nature of  the rainfall event 
(traditionally  in their stratiform or convective 
character) and on the precipitation distribution over 
the basin. For example, it  is worth noting that  the 
worst results for all basins were obtained for the event 
of  15 November 2001. In this case, the use of  a short-
term forecasting technique hardly  allowed us to 
extend the anticipation in which flows could be 

forecasted accurately  (0.90 is not increased by  more 
than 10 minutes using a forecasting technique, see 
Fig.  9). During this  event, both stratiform and 
convective periods affected the studied area; very 
influential cells were rapidly  enhanced by  mountain 
chains close to the coast and quickly  moved over the 
studied basins, producing high rainfall intensities (see 
the radar loops at http://www.grahi.upc.edu/
events.php). The poor results can be explained by  the 
limitations of  the analyzed nowcasting techniques, 
which can take into account neither the role of  the 
orography  nor the generation and evolution of  short-
duration convective cells.  On the other hand, for the 
event  of  19 July  2001, the obtained results were very 
good (see Fig.  9). Although the first part of  this event 

could be considered as mainly  convective, it had a 
long stratiform second period that significantly 
affected the studied domain. Moreover, the convective 
systems were quite large, well organized and had 
long lifetimes (see the radar loops at http://
www.grahi.upc.edu/events.php).  Their evolution were, 
therefore, more predictable than the evolution of  the 
small storm cells of  the 15 November 2001 case (as 
justified in Wilson et al. 1998). Furthermore, the field 
advection remained reasonably  stationary  during the 
different parts of  the event. All these factors allowed 

0.90 to be extended for 80 minutes (up to 150 
minutes) in the Besòs basin when using Lagrangian 
persistence and S-PROG.

In the small basins, 0.90 was shorter than in the 
Besòs basin, but it could also be usefully  extended: in 
the Mogent basin the improvement was significant, 
between 10 and 70 minutes (similar to the results 
obtained in the Besòs), and in the Ripoll basin the 
extension was between 10 and 40 minutes.

These results, and the fruitful comments of  Seed, 
2004 have lead us to explore how to define in a more 
objective way  the nature of  the precipitation fields 
from the point of  view of  predictability  and to study  the 
potential relation between this predictability  and the 
anticipation that rainfall forecasting can induce in 
hydrological flow forecasting.

Once we have tested that the lifetime L of  the 

radar fields (

    

� 

L = c()d
0



 ) could be a good indicator 

of  their nature regarding predictability, we have  
started analyzing its relation with the hydrological 

induced anticipation 0.90 on the four events studied 
here. The provisional results are presented in Figure 
10, in which 3 events show a very  clear linear relation 

between L and 0.90 a which leads to think that it really 
exists  a real relation between predictability  and 
anticipation.  The fourth event (15 January  2001) is 

anticipation (h)-efficiency index

0.90=75 min!

0.90=10 min?

stratiform convective

Figure 9: Evolution of the Nash efficiency of the forecasted hydrographs as a function of the anticipation and 

measurement of the anticipation gain 0.90 for two different events. Different lines represent hydrographs simulated with 
precipitation fields forecasted with different techniques: with no forecast (green dotted line), Lagrangian persistence 
(dashed line) and S-PROG (red solid line).



clearly  out  of  the relation, indicating that further work 
is required to fully  understand the problem.

This  fourth event is a long and complex event in 
which several temporal phases showing different 
behaviors  are concatenated. As a provisional 
conclusion we suggest that the lifetime calculated for 
the whole event is useless and work is in  progress to 
improve its definition on the case of  complex events to 
take care of  the multiplicity  of  phases and natures.  If 
this  initial hypothesis is confirmed and a better 
definition of  the predictability  of  the phases leads to a 
confirmation of  the linear trend, the relation between 
lifetime and anticipation could be of  relevant interest 
to provide in advance estimates of  the uncertainties 
associated to the hydrological application of  the 
precipitation nowcasts and their reliability  in extending  
the anticipation of  the flow forecasts and warnings.
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Figure 10: Relation between the lifetime of the 
precipitation events used for the hydrological 
validation and their effect in increasing the anticipation 
of the flow forecasting when precipitation nowcasts 
are used as input of the hydrological model. 

8. FACTORS AFFECTING THE QUALITY OF 
FORECASTED HYDROGRAPHS

Several factors in the nowcasting methodologies 
can seriously  affect the accuracy  of  forecasted 
hydrographs. Particularly,  three main factors are here 
analyzed to assess the sensitivity  of  the results to 
them: (a) the influence of  using a stationary  motion 
field to generate rainfall forecasts (limitation assumed 
both by  Lagrangian persistence and S-PROG), (b) the 
importance of  a good forecast of  the mean areal 
rainfall and (c) the relevance of  a good description of 
the spatial distribution.

8.1.  Influence of  a stationary  motion field in the 
forecasts

To analyze the sensitivity  of  the forecasts to an 
improvement  in the motion field estimates, a 
sequence of  S-PROG improved forecasts have been 
generated with the particularity  of  using an “updated” 
motion field: i.e. instead of  using the same motion 
field identified at the starting time of  the forecast,  v(t), 
the improved version uses the actually  observed 
motion field at any  time step v(t+n),  derived from the 

observed radar fields at time t+n,    

� 

Z t + n 1( )  and t., 

  

� 

Z t + n( )
Therefore, in this simulation, the advection is 

performed using the best possible motion field at that 

time, which means that the difference with the perfect 
forecast  is no longer due to the stationarity  of  the 
motion field.

The quality  of  the forecasted hydrographs 
obtained using S-PROG with this “updated motion” is 
presented in Fig. 11 (blue dashed line). They  should 
be compared against forecasted hydrographs 
simulated with the habitual configuration of  S-PROG 
(with a stationary  motion field estimated at t from the 
last  observed radar fields, Z(t-1) and Z(t) -red solid 
line-). From the results, no significant improvements in 
the quality  of  the forecasted hydrographs could be 
appreciated when the “updated motion” field is used 
to advect the most recent radar field. What confirms 
that  the motion field is generally  well identified and 
that  it is not a crucial issue to improve the present 
methodologies (with lead times up to 120 minutes).

8.2.   Impact  of  the forecasted mean areal precipitation

The effect of  a good estimation of  the mean areal 
rainfall over the basin is now explored. To do it, at 
each time step forecasted rainfall fields are now 
replaced by series of  =2 hours of  uniform rainfall 
fields with intensity  equal to the actual observed mean 
areal rainfall over the studied basin.  

The objective is to build the forecasted hydrograph 
that  would be obtained if  the right mean areal rainfall 
were known in advance, without taking into account 
the role of  the distribution of  the rainfall over the basin 
(the evolution of  the resulting efficiency  of  the flow 

forecasts with  is  plotted with orange dotted line in 
Fig.  11).

Using these rainfall fields as forecast allows us to 
significantly  improve previous results. In general, the 
efficiency  of  these forecasted hydrographs keeps over 

0.90 up to  of  around the basin hydrological lag time  
(the memory  of  the hydrological system) plus the 
length of  the rainfall forecasts, =2 hours (around 3.5 
h). Beyond this point, there is a break in the efficiency 
line and the quality  of  the forecasted hydrographs 
decays rapidly.

This  analysis can also lead us to quantify  the 
importance of  a good description of  the spatial 
distribution of  the precipitation field over the basins. If 

Nash efficiency- curves that come from using 
uniform fields are compared against the results 
obtained by  using =2 hours of  actually  observed 
radar scans as rainfall forecast (violet dash-dotted 
curve in Fig. 11 –notice that  it is parallel with a delay 
of  2 hours to the curve obtained without rainfall 
forecast-). The distance between orange dotted and  
violet  dash-dotted curves is only  explained by  the 
spatial description of  the precipitation field. It can be 
seen that these differences are less important for the 
Ripoll basin (65 km2) than for the Mogent and Besòs 
basins (180 and 1015 km2), where a good spatial 
description of  the rainfall inputs allows the model to 
generate better forecasted hydrographs.

These results  partially  agree with the conclusions 
of  Obled et al. (1994), who found that the accuracy  of 
the volume of  precipitation over the basin leads to 
significant  improvements in the resulting hydrographs 
(simulated with a rainfall-runoff  model also based on 
Topmodel). However, they  did not find improvements 
in simulated hydrographs when they  used distributed 



precipitation fields with a better spatial description and 
concluded that  the only  purpose of  using them is  to 
improve the accuracy  of  the incoming rainfall volume 
over the basin rather than taking into account any 
interaction between the incoming rainfall field and the 
simulated mechanisms of  flow generation. In our 
case, the bigger the basin the more important these 
interactions become, being of  little importance for the 
case of  the Ripoll basin (which has an area similar to 
the 71 km2 of  the basin studied by  Obled et al. 1994). 

There are two main factors that could explain the 
importance of  the rainfall distribution over the basin: 
(a) differences due to the localization of  small rainfall 
patterns over the basin respect to the uniform field are 
more important in bigger basins,  which may  result in 
significant  differences in the response time of  the 
basin,  as suggested by  Obled et al. (1994), and (b) 
differences between the mean areal rainfall calculated 
over the basin and the rates of  each individual rainfall 
pattern (for example, of  a small convective cell) also 
tend to be higher in bigger basins,  which in 
combination with the non-linear processes of  runoff 
generation results in quite different hydrographs.

Finally, the main conclusion from the analyzed 
results is  that  one of  the most important  points to 
improve the quality  of  forecasted hydrographs is a 
good estimate of  the mean areal rainfall of  the 
forecasted fields over the basin. This conclusion is   
also in agreement with the fact  that the influence of  a 
good spatial distribution is more acute for larger 
basins, what is in fact the best way  to improve the 
mean areal rainfall estimation of  its sub-basins, which 
become hydrologically  relevant as the size of  the 
domain increases.

9. CONCLUSIONS

In the present study  the radar-based nowcasting 
technique S-PROG was implemented in a 
Mediterranean area using data from different events 
representative of  the climatic  characteristics of  the 
studied region.

In terms of  precipitation comparison, S-PROG 
produced better forecasted fields than Lagrangian and 
Eulerian persistence in all cases.

On the other hand, the hydrological validation 
showed that the use of  a nowcasting technique based 
on radar data allows to significantly  improve the 
quality  of  forecasted hydrographs. The anticipation 
with which flows could be estimated with enough 
quality  was extended by  between 10 and 80 minutes 
in the Besòs basin (1050 km2). This could be 
considered a notable improvement in the fast 
response basins of  the Mediterranean areas (that in 
many  cases have hydrological lag times between 1 
and 2 hours). However, the results obtained using S-
PROG were not significantly  better than the results 
obtained with a much simpler nowcasting technique 
(Lagrangian persistence, which does not include 
small-scale filtering).

In all cases, it has been noticed that the nature of 
the event (especially  the type of  precipitation and the 
degree of  spatial organization of  the rainfall field) has 
an important effect on the quality  of  the forecasted 
flow estimates. A relation between lifetime (as a 
measure of  the predictability  of  the precipitation 
patterns) and the hydrological anticipation 
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Figure 11: Evolution of the Nash efficiency of the forecasted hydrographs as a function of the anticipation with which 

hydrographs are simulated, . Different lines represent hydrographs simulated with precipitation fields forecasted 
with different techniques: with no forecast (green dotted line), by S-PROG (red solid line), by S-PROG using 
“updated motion fields” (blue dashed line), with =2 hours of an uniform field with the observed mean areal rainfall 
(orange dotted line) and also with =2 hours of actual radar scans (violet dashed-dotted line).



improvement, 0.90, (as a measure of  the ability  to 
anticipate the flows thanks to the use of  precipitation 
nowcasts) seems to exist, although more conclusive 
work are required. If  this hypothesis could be 
confirmed,  this property  could provide substantial help 
to objectively  associate the lead time and the  
hydrological usefulness of  the rainfall nowcasts for a 
given storm, as well as to be the base for a measure 
of  the expected uncertainties to associate to the 
forecast. 

The influence of  some of  the main factors affecting 
the quality  of  the forecasted hydrographs have been 
also analyzed. Results show that no significant 
improvement  in forecasted discharges is obtained 
when the best possible motion field is used to advect 
forecasted rainfall fields (instead of  using  just the one 
estimated at  the start  of  the forecast).  

Furthermore,  we can conclude that the crucial 
factor to improve the quality  of  forecasted flows is  the 
quality  of  the forecasted mean areal rainfall over the 
basin,  as shown by  feeding the hydrological model 
with series of  uniform rainfall fields with the observed 
mean areal rainfall over the basin into the model. This 
analysis also allowed us to quantify  the effect of  the 
spatial distribution of  the rainfall field over the basin, 
which was found to be more relevant in larger basins.

Finally, as the quality  of  the forecasted 
precipitation fields significantly  decreases for lead 
times over 1 hour, it could be interesting to look for 
different alternatives that may  lead to improve 
forecasted hydrographs. Germann and Zawadzki 
(2002) proposed the use of  composite images from a 
radar network instead of  single-radar data to increase 
the size of  the rainfall domain. This will provide 
information about entire mesoscale and synoptic 
scale phenomena, leading to avoid the lack of 
information caused by  the advection of  areas out of 
the radar domain in case of  high speeds. On the other 
hand, it also will result in better estimations of  velocity 
fields (less affected by border effects in the area of 
interest).  An alternative approach for the nowcasting 
technique would be the generation of  probabilistic 
rainfall forecasts (using, for example, the techniques 
proposed by  Germann and Zawadzki 2004 or Seed 
and Bowler 2003) as input of  the rainfall-runoff  model, 
in order to produce stochastic forecasted 
hydrographs. 

These heuristic stochastic approaches are for the 
present  a promising way  to afford the generation of 
different precipitation scenarios compatible with the 
nowcasted fields and thus to study  the uncertainty 
propagation in flow forecasts due to the uncertainty 
related to the precipitation forecasts.

Figure 12 shows an example in which one of  these 
techniques has been applied to the rainfall nowcasts 
provided by  S-PROG generating 40 compatible 
rainfall scenarios that have been introduced on the 
hydrological model of  the Besòs river. The 40 
outcoming hydrographs (white lines) are in fact a first 
estimate of  the quality  of  the forecasted one (red line) 
due exclusively  to the uncertainties associated to the 
precipitation nowcasting.

From a different perspective, interesting new ideas 
that  focus on coupling NWP and distributed rainfall-
runoff  models in medium-sized basins of  few 
thousands of  km2 (see, for example, Jasper et  al. 
2002) seem to be a promising alternative to further 

extend the anticipation with which hydrographs may 
be forecasted.

All these ideas could be a way  to overcome the  
present  limitations of  the current deterministic 
nowcasting techniques, and a first step towards    
coupled hydrometeorological methodologies for 
producing useful forecasting, and their associated 
uncertainties, at lead times over 2 hours.
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