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Abstract. Flooding is a major worldwide problem that
seems to have increased in severity within the last decade.
The crucial role-played by rainfall accumulation and the
accuracy of extreme precipitation forecasts and consequent
floods forecasts is of extreme importance in preventing loss
of life, health and psychological damage and infrastructure
and property loss or damage. In this respect CARPE DIEM
(that is a shared-cost project founded by the European Com-
mission under the 5th Framework Programme) seek to iden-
tify how conventional raingauges, Doppler radar data, to-
gether with other remote sensing data, may be best linked
to NWP models. The overall objectives are how the predic-
tion and the estimation of severe rainfall can be qualitatively
and quantitatively improved. The scientific strategy would be
to convert Doppler data into atmospheric parameters suitable
for linking to NWP algorithms. Another innovative aspect
of the proposed work is to exploit NWP results to improve
the interpretation of radar measurements. Finally, a major
component will be the hydrological assessment of the bene-
fits in terms of reduced uncertainty obtainable with the im-
proved rainfall field, forecasted and estimated, coupled with
an assessment of the sensitivity of hydrological models to
different errors in their input. The joint use of all the infor-
mation available will increase the overall quality of the actual
flood forecasting. This article discusses the CARPE DIEM
project, its structure and objectives as well as the radar es-
timation/correction techniques and the assimilation method-
ologies that will be used.
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1 Introduction

Flooding is a major world-wide problem whose severity
seems to have increased over the last decade (NOAA, 1994;
NRC, 1996; Rodda, 1995; DHA, 1994). Many studies have
focused on the “major” recent floods and on methods for
forecasting and managing floods at such large scales (Jacob
et al., 1998). On the contrary, more efforts should be ad-
dressed to the smaller-scale “localized” severe flood events,
called flash floods, which can be very damaging and often
require much more complex forecasting techniques than the
larger scale floods.

The accuracy of extreme precipitation forecasts and con-
sequently flood forecasts is extremely important in prevent-
ing loss of life, health and psychological damage, and in-
frastructure and property loss or damage. Extreme rainfall
events also generate landslides. Therefore benefits in terms
of risk assessment will follow from the increased understand-
ing of the generating mechanisms and the spatial distribution
of heavy rainfalls.

The crucial role played by rainfall accumulation needs to
be examined to understand the flood forecasting uncertainty
associated with the state of the art rainfall estimation and
forecasting techniques (e.g. Obled et al., 1994).

The US Weather Research Program – Prospectus Devel-
opment Team on Hydrological Aspects of Weather Predic-
tion and Flood Warnings (PDT 9) has recently pointed out
that precipitation is the main forcing variable of surface hy-
drological process, but it is still poorly predicted by meteo-
rological models and the quantitative radar estimation of rain
patterns suffers from an uncertainty that needs to be better
specified (Droegemeier et al., 2000).
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CARPE DIEM addresses the problem of the best possi-
ble use of data from raingauges, Doppler radar data, and
other remote sensing data, in numerical weather prediction
(NWP) models. The overall objectives concentrate on how
the prediction and the estimation of severe rainfall can be
qualitatively and quantitatively improved. Hence the prin-
cipal objective will be to assimilate information obtained
from Doppler moments and reflectivity along with other re-
mote sensing data in the currently available NWP methods.
The scientific strategy would be to convert Doppler data into
atmospheric parameters suitable for direct assimilation into
NWP algorithms. Another innovative aspect is the exploita-
tion of NWP results to improve the interpretation of radar
measurements. This exercise, which complements the previ-
ous one, not only enables a general improvement in extract-
ing information from radar but also represents a reduction in
inherent radar errors, thus allowing to quality control radar
measurements.

Recent research has demonstrated the importance of NWP
models, especially high resolution limited area models
(LAM), in forecasting extreme precipitation at catchment
scales. However, one of the key limitations to their use is
the availability of real-time data whose scale and coverage is
suitable to initialize and verify the NWP model output.

The link between radar and NWP models is yet an under-
developed and at the same time potentially very useful field
of research (Casale and Samuels, 1998; Collier, 2000). A
two-way synergistic strategy is conceivable, i.e. radar inputs
into NWP models and NWP model dynamics used in inter-
preting radar fields. The importance of these aspects has
been demonstrated and emphasized by several authors, such
as Rossa (2000) and Macpherson (2000).

Finally, a major component of the project is the hydro-
logical assessment of the benefits in terms of reduced uncer-
tainty in the determination of forecasted and estimated rain-
fall field. The same emphasis is given to the assessment of
the sensitivity of hydrological models to different input er-
rors. The joint use of all the available information will in-
crease the overall quality of the actual flood forecasting.

CARPE DIEM seeks an improvement of the quality of
flood forecasting for small and medium size catchments de-
veloping an innovative methodology to exploit radar data
(Doppler moment, reflectivity and polarization information)
to enhance rainfall estimation and prediction. The main ob-
jectives are:

– The processing of the retrieved atmospheric parameters
so that they can be ported into NWP algorithms. The
information injected into the NWP will be processed in
order to be compatible with the atmospheric state.

– Improve the techniques for the assimilation of radar data
in NWP models, with emphasis on the forecasting of
flooding events and nowcasting.

– Improve the quality of radar products using NWP re-
sults.

– Improve the quality of radar rain retrieving techniques.

 

 

 

Fig. 1. Parabolic Equation Method.

– Establish a quality control procedure for filtering raw
data.

– Improve the quality of rainfall field inputs to hydrolog-
ical models.

– Assess the sensitivity of hydrological models to input
data.

– Improve the useful lead-time and reliability of fore-
casted floods.

The project is structured in three areas of work: “Improve
radar products by using NWP results”, “Data assimilation
and NWP improvements” and “Flood forecasting”. In the
following each area will be briefly presented.

1.1 Improve radar products by using NWP results

One of the most significant problems of using radar data
in flood forecasting procedure and of integrating radar data
with NWP techniques is to make sure that parameters de-
rived from radar data are free of contamination to which radar
data are generally prone. This is also relevant in reducing
the impact of unknown biases on the accuracy of parame-
ter extraction from radar data only. The mutual interaction
between radar parameters and NWP methods allows a pos-
itive feedback to radar products itself. An integrated use of
all available information could decrease the interpretational
errors due to atmospheric inhomogeneity.

Anomalous propagation (ANAPROP) is a common source
of strong non-atmospheric reflectivity in radar measure-
ments. Many techniques were used in the past to identify
and remove such echoes (Alberoni et al., 2001) with differ-
ent rate of success. In order to eliminate such spurious effects
before the radar data can be used for assimilation in NWP
or for “real-time” precipitation estimation it is important to
predict the behavior of the propagation condition during the
day.In such way a quality flag could be associated with the
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Fig. 2. 25 August 1997. Reflectivity data from the SMHI Gottland Radar.
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Fig. 3. Raytrace from SMHI Gottland Radar. Contours of RRI at
intervals of 1N-unit.

radar data. The key tool will be a microwave propagation
model, which will be used to diagnose and predict the inci-
dence of ANAPROP, see Fig. 1 for a pictorial description of
the method.

The atmospheric conditions required as input for the prop-
agation model will be taken from standard TEMP prod-
ucts and from NWP mesoscale data. The outputs from this
model would be fed into algorithms and products capable of
improving ANAPROP recognition and cancellation in real-
time. NWP models provide temperature and humidity fields
as a basis for the prediction of the radio refractive index field.
Experience gained in the DARTH project (EU project N◦

ENV4-CT96-0261) showed that, although the spatial sam-
pling is relatively coarse for the purpose, it is possible to
predict the occurrence and, to some extent, the location of
ANAPROP. Fig. 2 shows the PPI data from the SMHI Got-
tland radar, on 25 August 1997 which shows a strong sea
clutter echo due to ANAPROP. The results of a modeled

ray-trace over the Baltic sea calculated from NWP output is
shown in Fig. 3. In CARPE DIEM, ANAPROP prediction
will be refined by the use of a parabolic equation model for
predicting the field and surface backscatter to construct pre-
dicted ANAPROP images. Ultimately, it may be possible to
use the mismatch in location of the actual anomalous echoes
to refine the atmospheric parameterization.

In the current practice of operational radar, it is custom-
ary to obtain volumetric reflectivity information under the
assumption that the thermodynamic phase of hydrometeors
is homogeneous (usually liquid water) over the whole mea-
sured volume. In the European climate, such a simplifica-
tion leads to large biases in radar data as the thermodynamic
phase in reality varies within the 3-D volume. This spatial
variation strongly affects the magnitude of attenuation along
the beam and it also distorts the relationship between the
radar reflectivity factor and the precipitation intensity. The
novel approach in CARPE DIEM will use 3-D atmospheric
fields from a NWP model to diagnose the 3-D distribution
of hydrometeor phase. This latter, in turn, would enable re-
liable calculations of the attenuation along the beam and a
better estimation of precipitation intensity and water content.
The direct result of this exercise will be better reflectivity
data both for assimilation and nowcasting purposes.

A crucial problem in quantitative application of radar mea-
surements at long ranges is the sampling difference between
the actual precipitation reaching the ground and the radar es-
timate well above the ground level. The radar simply can-
not detect the actual reflectivity profile below the lowest el-
evation beam. This feature of radar observation often in-
troduces strong underestimation of surface precipitation at
longer ranges. On the other extreme, intensive frontal pre-
cipitation at the radar beam level often evaporates completely
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Fig. 4. Dual Doppler wind geometry.
 

 

 
Fig. 5. 23 June 1992. Dual-Doppler synthesis of data from the
SMR-ARPA and the CSIM radars in a plane perpendicular to base-
line, 42.5 km North of SMR-ARPA radar. Contours of SMR-ARPA
radar reflectivity at intervals of 5 dBZ (Watson, 1996, Appendix C).

before it reaches the ground. To correct for such effects, the
measured vertical radar reflectivity profile and the 3-D reflec-
tivity distributions parameterized from the 3-D NWP model
fields will be used. The methods and algorithms will improve
considerably the radar estimates of surface precipitation at
long ranges. The main advantage of this technique is that
it widens the quantitatively reliable coverage area of a radar
network.

Radar rainfall retrieval procedures are mainly based on
spatially and temporally averaged drop size distributions,
which lead to a fixed Z-R relationship. A more physical
based approach, which takes full advance of polarimetric
radar data, is proposed in order to evaluate errors and un-
certainty related with a single Z-R approach.

1.2 Data assimilation and NWP improvements

The current situation of weather forecasting sees high res-
olution forecast models entering the praxis of operational
forecasting, and weather radar systems as a well established
tool for real time monitoring of weather developments and
for nowcasting in particular severe weather. In synthesis,
weather radar data are potentially relevant for providing input
to the forecast models when the required forecasting lead-
time is within the responding time of the catchment. This
potential has been only very marginally exploited up to the
present and this is not the place to examine the reasons that
are manifold. Recent developments in processing and qual-
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Fig. 6. Schematic description of data processing.

ity control of radar information as well as in data assimilation
techniques have considerably raised the level of data provi-
sion and use. The field is in very rapid evolution and, at the
present stage is rather premature to suggest that the present
project will contribute a major breakthrough in the quanti-
tative utilization of weather radar information for numerical
weather prediction.

For high resolution model integration, it has generally
been demonstrated and also indicated by the geostrophic ad-
justment theory, that it is most vital to accurately determine
the 3-dimensional wind fields. The standard wind observing
system is the radiosonde network whose horizontal resolu-
tion (500 km mean distance over Europe) is very poor, es-
pecially when the grid resolution of NWP models is of the
order of 10 km. Generally, the potential data sources for at-
mospheric winds are automated aircraft reports, radars and
satellites. Radar winds are quite problematic since only the
velocity component along the radar beam is measured at full
resolution. Other problems with radar winds are the incon-
sistencies between the vertical components of the radar radial
winds and modeled vertical velocities, and a Doppler veloc-
ity folding. An impressive early demonstration of the poten-
tial of assimilation of radar radial winds is given by Kapitza
(1991).

In order to correctly link radar data and NWP methods, the
pre-processing phase will be explored. The main task will
be the extraction of parameters suitable for data assimilation
procedures. Doppler radar data will be processed to extract
wind field information suitable for ingestion in NWP proce-
dure or to be used in forecast validation. The quality control
of radar information prior to their ingestion in NWP algo-
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Fig. 7. 19 September 1999, 09:00 UTC. Precipitation estimation
(left), and METEOSAT IR brightness temperature (K) (right).

rithms is therefore a critical aspect of the operational appli-
cation. Activities will be addressed to increase the reliability
of Doppler information.

With two Doppler radars it is possible in principle to
determine the three-dimensional wind field in the area of
beam overlap, except near the baseline through the two
radars(Fig. 4). Figure 5 (Watson, 1996) shows a vertical
section recovered from the Doppler data from the ARPA-
Servizio Meteologico Regionale (Emilia-Romagna) radar at
San Pietro Capofiume near Bologna, and the CSIM (Veneto)
radar located near Teolo.

One more important data-set that needs to be exploited is
the clear air echo to obtain wind profiles and boundary layer
characteristics. This might happen through the use of pre-
processing techniques such as the velocity-azimuth display
(VAD) or the volume velocity processing (VVP), or through
the direct assimilation of measured quantities. Knowledge
of scattering properties employed in conjunction with modi-
fied signal handling may serve to improve the frequency and
accuracy of retrieved information.

The development of techniques for the assimilation of
radar data, among other remote sensing data, will be ad-
dressed to improve the quality of the description of the at-
mospheric state used as initial conditions in NWP methods.
The impact of radar data on the forecast quality will be stud-
ied through Observing System Experiments (OSE). Bearing
in mind the constraints of the different numerical methods to

 

 

 
Fig. 8. Schematics of the semi-distributed HBV-model, that will be
used at SMHI to investigate the spatial pattern and temporal vari-
ability of errors in different sources of areal precipitation estimates.

be used by the project (i.e. nowcasting and very short-range
forecasting over sub-national scale and short range fore-
casting over national scale), a spread of assimilation tech-
niques will be investigated, ranging from laborious 3- and
4-dimensional variational assimilation (3D- and 4D-Var) to
simpler interpolation techniques and nudging applied in con-
tinuous assimilation. Doppler radar data in super-observation
form, will be used as input to the variational data assimila-
tion. The general strategy is illustrated in Fig. 6, which shows
schematically how software will be developed and refined to
generate Doppler radar radial wind superobservations. 3D-
and 4D-Var data assimilation systems will then be extended
to manage the assimilation of radar radial wind superobser-
vations.

1.3 Remote sensing data and hydrological models – Flood
forecasting

The objective of the area 3 is to develop and assess proce-
dures for combining radar information into NWP models and
radar and raingauge rainfall measurements within discharge
forecast models in urban and rural catchments.

Full exploitation of the areal precipitation estimates pro-
duced from stochastic models, raingauges, radar, satellite
and NWP models is subjected to the better understanding
of their spatial statistical and physical characteristics. An
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Fig. 9. Map of the Dargle catchment
and division in sub-catchments.

example of satellite rainfall estimates from the hybrid mi-
crowave/infrared (MW/IR) technique of Turk et al. (1999)
is shown in Fig. 7. The frontal system was observed during
the Mesoscale Alpine Programme (MAP) Intensive Observa-
tion Period 2 (IOP 2) (Bougeault et al., 2001) and the images
show the front in its approach to the Alpine area. The tech-
nique establishes a relationship between precipitation from
a MW algorithm and cloud top temperature in the IR using
probability matching theory. The superior performances of
MW are thus combined with the coverage and time repeti-
tion of geostationary IR. More on algorithms and case stud-
ies is available from the project EURAINSAT (Levizzani et
al., 2001;<http://www.isao.bo.cnr.it/̃eurainsat/>).

The levels of bias and the spatial and temporal distribution
will be assessed for each different estimation techniques. As
a logical consequence an assessment of the sensitivity of hy-
drological models to input errors is demanded.

All candidate methodologies, i.e. ways of using the NWP
and/or raingauge data to improve radar estimates and ways of
assimilating radar data into the NWP models, will be tested
here by using the resulting combined rain field estimates as
inputs to the hydrological catchment models and comparing
the full hydrograph of the forecasted flood with the measured
hydrograph. In all cases the most important criterion will be
the performance in estimating flood discharges in accordance
with the end-user requirements (Fig. 8).

A Monte-Carlo stochastic approach will be used to assess
the sensitivity of a distributed catchment model to different
precipitation deposit both in total amount and in spatial dis-
tribution. The chosen catchment is the Dargle (Fig. 9) at
Bray which is mostly in Wicklow County, south of Dublin.
It is a short river, approximately 15 km long and with a pre-
dominantly gravel or rocky bed, which, together with a num-

ber of tributaries, drains a 122 km2 catchment on the East-
ern side of the Dublin mountains. It flows into the Irish Sea
through the large town of Bray. Although small, the catch-
ment setting is greatly varied. Its elevation ranges from close
to sea level to over 700 m above sea level. Land use varies
from urban areas in the lower coastal areas of the catchment,
tillage, pasture/sheep farming, forestry, and peaty scrubland.
In particular the catchment can be divided into twelve sub-
catchments each one characterized by either one of these
land-uses and so may have different hydrological responses.
Because it flows into the sea at a scenic location near a num-
ber of beaches there is concern that Dodder floods may affect
marine water quality, let alone the immediate damages.

Annual rainfall amounts vary with altitude and increase
from less than 1000 mm along the coast to over 2000 mm on
the peaks towards the western side of the catchment. The
Dargle is subject to flash floods with peaks well over 100
cumecs. A number of 8 electronic recording water level
recorders were installed at the outlets of most of the major
sub-catchments and 4 tilting bucket recording raingauges in
the catchment. One raingauge is at sea level, one at 600 m
above sea level, and the remaining two at intermediate alti-
tudes.

Both measured rainfall and flows from the catchment and
its various sub-catchments will be collected, archived and an-
alyzed together with radar rainfall estimates from the Met
Eireann radar at Dublin airport and also, for selected major
events, with forecasts from the HIRLAM model. This will
allow for an assessment of the new techniques developed by
the project. CWRR will also investigate the sensitivity of
catchment flood forecasting models to errors in precipitation
estimates/forecasts.
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