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ABSTRACT: There is a common agreement in the scientific community that communicating uncertain hydro-
meteorological forecasts to water managers, civil protection authorities and other stakeholders is far from being a resolved
issue. This paper focuses on the communication of uncertain hydrological forecasts to decision-makers such as operational
hydrologists and water managers in charge of flood warning and scenario-based reservoir operation. Results from case
studies conducted together with flood forecasting experts in Europe and operational forecasters from the hydroelectric
sector in France are presented. They illustrate some key issues on dealing with probabilistic hydro-meteorological forecasts
and communicating uncertainty in operational flood forecasting. Copyright  2010 Royal Meteorological Society
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1. Introduction

Observed trends of increased economic losses associated
with weather-climate extremes (Guha-Sapir et al., 2004)
are in great part related to changes in societal behaviour
and vulnerability, both in time and space: increasing
exposure to extreme events, growth of valuable proper-
ties at risk, as well as increasing density of poverty and
of risk-prone urbanized areas (Changnon et al., 2000).
A recent study on flood damage in 31 European coun-
tries showed that if the 27 major floods observed between
1970 and 2006 were to take place under current soci-
etal conditions, the total flood losses, expressed in 2006
US$ normalized values, would amount to 140 billion
(Barredo, 2009). Risk awareness, increased preparedness
and investment in flood mitigation measures, as well as
enhanced early warning systems are admitted to play a
key role in reducing weather-related losses in vulnera-
ble countries (WMO, 2009; Wahlström, 2009). Particu-
larly, coupled meteo-hydrological forecasting systems are
effective tools to achieve longer lead times in hydrolog-
ical forecasting. To develop such systems successfully,
interdisciplinary projects are crucial, as they can pro-
vide the basis for tracking uncertainty from atmospheric
forcing to streamflow predictions. Uncertainty is in fact
inherent in the system (Pappenberger and Beven, 2006)
and single deterministic forecasts are, in a large majority
of cases, insufficient.
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Cascading forecast uncertainty in coupled models is an
essential step to improve the quality of hydrological fore-
casts. However it is not a simple task as it may appear at
first sight. In the last few years, several approaches have
been developed to deal with the propagation of uncer-
tainty in meteo-hydrological chains for forecasting and
integrated flood risk assessment (see the review by Cloke
and Pappenberger (2009) and examples in Apel et al.
(2004), Pappenberger et al. (2005), Romanowicz et al.
(2006), McMillan and Brasington (2008), Olsson and
Lindström (2008), Block et al. (2009), Golding (2009),
He et al. (2009), and Thielen et al. (2009b)). The best
methodology to quantify the total predictive uncertainty
in hydrology is however still debated (Todini, 2004;
Beven, 2006; Mantovan and Todini, 2006; Beven et al.,
2008).

Even though opinions on the best models and prac-
tices might not converge today, or in the future, there
is a common agreement that one must avoid uncer-
tainty misrepresentation and miscommunication, as well
as misinterpretation of information by users. A com-
mon conclusion from reported studies is that probabilistic
forecasts can potentially add value to flood forecast-
ing and warning (e.g. Dietrich et al., 2008; Bartholmes
et al., 2009; Jaun and Ahrens, 2009; Renner et al.,
2009, and other case-studies reviewed in Cloke and Pap-
penberger (2009)). However, a number of challenges
still remain. They involve: (1) improving forecast accu-
racy with higher-resolution data collection and assimila-
tion; (2) tracking estimation errors using a full uncer-
tainty analysis to improve the predictability skill of
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the probabilistic system; (3) constraining uncertainties
and narrowing prediction bounds with model refinement;
(4) implementing coupled models in real-time operational
forecasting; (5) improving the human interpretation (fore-
caster expertize) of forecasts and the communication of
probabilistic products to water managers, civil protection
authorities, stakeholders and decision-makers.

These scientific concerns match in several aspects
those from operational hydrologists, who are often con-
fronted with the apparently paradoxical situation where
the growing demand for risk-based information goes hand
in hand with the need of precision in the probabilis-
tic information delivered to decision makers and to the
public. Several recent studies point out that uncertainty,
when properly explained and defined, is no longer unwel-
come among emergence response organizations, users of
flood risk information and the general public (Roulston
et al., 2006; Handmer and Proudley, 2007; McCarthy
et al., 2007; Morss et al., 2008; Créton-Cazanave, 2009;
Knight, 2009). In this context, the issues of quantification
of uncertainty, as well as interpretation and communica-
tion of uncertain forecasts are topical.

The way to communicate uncertain forecasts should
be in harmony with the goals of the forecasting system
and the specific needs of end-users. Communication of
forecast products, characteristics and metrics is presented
by Buizza et al. (2007) as a key attribute to assess the
functional quality of a forecast (functional and techni-
cal qualities are introduced as two distinct frameworks
to structure the problem of assessing the overall fore-
cast value of hydro-meteorological forecasts). The varied
examples shown by the authors illustrate well the dif-
ficulties in measuring the functional quality (and, con-
sequently, the usefulness) of a forecast in an objective
way: how to note attributes such as usefulness of contents
and appropriateness of format, forecast availability and
means of distribution, training and information sessions.
Besides, scientific studies have also shown that inter-
pretation of uncertainty can be affected by the way the
outcome is framed, the severity of the event being fore-
casted, the way it is defined and by the different notions
users might have of forecast confidence (e.g. Gigerenzer
et al., 2005; Broad et al., 2007; Morss and Wahl, 2007;
Morss et al., 2008; Joslyn et al., 2009).

Is then effective communication of uncertainty in
hydro-meteorological forecasts an impossible mission?
This paper is a contribution to addressing this ques-
tion. The focus on the interpretation and communication
of uncertain hydrological forecasts based on (uncertain)
meteorological forecasts and (uncertain) rainfall-runoff
modelling approaches to decision-makers such as opera-
tional hydrologists and water managers in charge of flood
warning and scenario-based reservoir operation. First, an
overview of the typical flow of uncertainties and risk-
based decisions in hydrological forecasting systems is
presented to introduce its interactions with the commu-
nication of forecasts (Section 2). The challenges related
to the extraction of meaningful information from proba-
bilistic forecasts and the test of its usefulness in assisting

operational flood forecasters are then illustrated with the
help of two case studies (Sections 3 and 4). Conclusions
are drawn in Section 5.

2. Flow of uncertainty and risk-based decisions
in hydrological forecasting

In hydrology, risk is often formulated as the product of
hazard by vulnerability (including exposure and conse-
quences) (e.g. Kelman and Spence, 2003; Apel et al.,
2009). This is not only an effective formulation for com-
municating with stakeholders and helping in territory
planning and land management regulations. In effect, it
can also offer a practical structure of reasoning for oper-
ational forecasters in their routinely tasks, which involve
(not exhaustively):

• real-time forecasting: dealing with different sources of
information and data that need to be processed in short
time during critical (under-pressure) situations (data to
quality control, several interconnected model variables
to analyse, blending forecasts from different models to
perform combined probabilistic forecasts);

• expert knowledge-based evaluation: how to interpret
model outputs, especially when it concerns extreme
conditions linked to rare events (rare events are, by
definition, not commonly experienced by the forecast-
ers and by the models, which usually have not been
trained on data records containing such events during
their calibration period);

• framing effects in uncertain forecasts: the way experts
use their experience and knowledge to build a scheme
of interpretation and to communicate forecasts (aware-
ness of the total uncertainties involved in the process
of hydrological forecasting, effects of wording, conse-
quences of the underestimation of the hydrological risk
of outlier/extreme events, which tend to be rejected by
operational forecasters).

The process of flood forecasting at river basins
thus involves making and communicating decisions on
possible future scenarios, usually predicted by hydro-
meteorological forecasting systems, in order to increase
preparedness for flood events and decrease false alerts
or misses of severe, potentially devastating, floods. A
sequence of actions at different levels of complexity
has to be undertaken by the forecaster, which comprises
the management of databases and their interconnections
in real-time, the coupling of mathematical models (e.g.
models in meteorology for weather prediction, models
in hydrology for streamflow forecasting, and models in
hydraulics for flood propagation and inundation map-
ping), as well as the setup of pre- and post-processing
routines and visualization tools.

A schematic view of the main general interconnections
present in a typical flood forecasting situation is presented
in Figure 1. Weather forecast centres provide input data
to the models running at hydrological forecast centres.
These centres also usually receive data from local centres
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Figure 1. Schematic view of the main interconnections in a meteo-hydrological flood forecasting chain and its flow of uncertainties and decisions.

(discharge and meteorological observations, radar and/or
river water level measurements describing the current
local situation) and are responsible for providing stream-
flow forecasts and pre-warning covering the river basins
under survey. Local centres receive these forecasts and
run their models at finer resolution to provide specific at-
site forecasts and/or flood inundation maps. Feedbacks in
real time, as well as expert knowledge exchange between
the different centres allow to constantly evaluate the
potential flood situation predicted to occur. On the basis
of these exchanges, it is possible to alert end-users (pub-
lic, stakeholders, river basin managers, civil protection
agencies or other decision makers) on the probabilities
of a flood to occur at river basins under risk.

Sources of uncertainty in the hydro-meteorological
forecast chain are many and include: the meteorologi-
cal forcing (which is often seen to be the most uncer-
tain at lead times beyond 2–3 days), corrections and
downscaling procedure of the meteorological predictions,
antecedent conditions of the system, observation net-
works (meteorological as well as hydrological), methods
of data assimilation (discharge, soil moisture), geome-
try of the system (including flood defence structures),
possibility of infrastructure failure (dykes or backing up
of drains), characteristics of the system (in the form of
model parameters), and limitations of the hydrological
model to fully represent processes (for example sur-
face and sub-surface flow processes in the flood gen-
eration and routing). The importance of the individual
components will vary in time, depending on the dominant

flow regime, and in space, as each catchment is unique
(Beven, 2000). It will also depend on the interactions
between the space-time scales of the predicted event, the
main catchment characteristics (area and response time)
and the resolution of the meteorological forcing data (e.g.
Komma et al., 2007; Thirel et al., 2008). A full uncer-
tainty analysis is needed to track all sources of uncertainty
and to estimate both their relative importance in the sys-
tem and the total uncertainty from the combination of
each component (Krzysztofowicz, 2001, 2002; Pappen-
berger et al., 2005). Although the best methodology to
cascade uncertainty in an operational setting still has to
be explored (Cloke and Pappenberger, 2009), it is well
accepted that the total magnitude of the uncertainty will
influence the quality of the predictions. It will also impact
on the interpretation of model output forecasts and, even-
tually, the decision making.

The basis for an efficient communication of final fore-
cast products lies on the quantification of uncertainty, but
also on the assessment of how users perceive and under-
stand uncertainty, and tend to act in face of uncertain
information. This will additionally support the decision
on the kind of information to provide. Studies based
on weather forecasts are more frequently found in the
literature (e.g. Gigerenzer et al., 2005; Roulston et al.,
2006; Broad et al., 2007), while they are still rare in
hydrological forecasting. Emphasis should be put on the
clearness of the meaning of the message to convey, on the
choice of appropriate terminology (use of probabilities,
frequencies or plain language with a likelihood scale for
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a general description), as well as on the choice of the type
of information to communicate accordingly to the user’s
goal (e.g. exceedences of critical flood thresholds may be
already enough for launching some operational warning
procedures, whilst more precise quantitative information
might be necessary for reservoir operation). The value of
the information will not necessarily be in the information
itself (i.e. more complex information is not straightfor-
wardly more valuable) but on the use one makes of it (for
some practical guidelines on communicating uncertainty,
see Faulkner et al., 2007; Kloprogge et al., 2007). This
is not usually clear to operational hydrologists, who are
often traditionally trained in a deterministic framework
and more used to working with numerical language, and
might have difficulty to go further than putting figures
and curves on the information support to be delivered.
However, as stated by Hartmann et al. (2002), ‘. . .even
the best forecasts can be worthless if users misinterpret
them’.

As can be seen from Figure 1, the flow of uncertainty
is accompanied by a flow of expertize knowledge and
a flow of decisions, both of which can either add uncer-
tainty or narrow prediction bounds to the forecasts issued
by the models (raw model outputs). Forecasters usually
derive their forecasts and formulate their judgements on
upcoming events from a knowledge base, which includes
many types of information (Murphy, 1993): observations,
model output predictions, previous forecasting experi-
ence, feedback on prior forecasting performance. As
noted by Atger (2001), forecasters judgements are essen-
tially probabilistic, even though ‘this probabilistic judge-
ment is not necessarily stated explicitly. However uncer-
tainties are communicated, with the help of confidence
indices, risk level estimations, interpercentile intervals or
likelihood of occurrence of an event, it is acknowledged
that ignoring uncertainty in the formulation of forecasts
affect the efficiency of the forecasting process, as well
as the quality and value of the forecasts (Murphy, 1993).
Also, in several countries, flood forecasting is usually

performed at different levels of organization: for exam-
ple harmonized medium-range forecasts and pre-warning
at centres operating nationwide, and more specialized
short-range forecasts at local river basin centres. There-
fore, additionally to the flow of data and models from
different sources, and the propagation of their inherent
uncertainties, it is also necessary to take into account the
impact of the flow of decisions made by experts at cen-
tres with different responsibilities in flood warning and
communication to the end-user.

3. Case-study I: communication and use
of ensemble forecasts in flood warning

In this case study, results from exploratory research con-
ducted within the pre-operational European Flood Alert
System (EFAS) project at the Joint Research Centre of
the European Commission (Thielen et al., 2009a) are pre-
sented. The aim of this research was to implement ensem-
ble forecasts in the system and develop probabilistic prod-
ucts that could provide useful information to EFAS users
(national operational forecasters in charge of flood warn-
ing). When operational forecasters have to decide, based
on a set of possible future scenarios, whether or not a
flood warning has to be issued to initiate an emergency
procedure, the need of extracting the useful data to quan-
tify and efficiently interpret uncertainty arises. To ensure
a good use and an efficient communication of uncertain
forecasts is a step forward for assessing and improving
the performance of a forecasting system.

In this context, a basic framework for efficiently
organizing discussions and best practices to improve the
use and communication of probabilistic information in
hydrometeorological forecasting is proposed (Figure 2).
It highlights some important issues to be considered: a
clear specification of the forecasting system’s aims along
with the steps taken for model development and set-up
contribute to specify probabilistic products and inform
users about the strengths and limitations of the forecasting

Figure 2. Basic steps in the process of improving the use and communication of probabilistic information in hydrometeorological forecasting
systems.
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system. It is also important to continuously train users
during the process. Workshops and meetings can provide
good opportunities to improve formulation, evaluation
and communication of forecasts interactively. The set
up of a network can facilitate open exchanges between
developers, experts and users.

The following paragraphs describe the main achieve-
ments from two studies carried out to explore the dissem-
ination and the use of ensemble prediction information
implemented in EFAS for operational flood forecasting
and decision-making (Ramos et al., 2007): a workshop
organized together with flood forecasters from the Mem-
ber States (Thielen et al., 2005) and a survey to assess
users general perception of uncertainty in forecasting.

3.1. Workshop results: dealing with uncertain forecasts
for decision-making

The workshop’s concept was to have a small group of
forecasters from different river basins working through a
number of case studies specially prepared to put them in
a real-time flood forecasting situation where uncertainty
was included. Participants had a limited time to analyse
the situations proposed and take a decision on whether or
not they would send an alert for emergency procedure.
Invitations were issued to 11 forecasters from eight
different European countries, representing nine different
national hydrological services and resulting in a group
with a wide range of experience and different cultural
backgrounds.

The participants were split into four workgroups to
analyse three case studies, one after the other. Each
case study corresponded to the forecasting of a potential
flood situation at more than 2 days in advance and in
a different river basin. The groups had information on
three consecutive days of forecast. After having analysed
each day of forecast, they had to decide whether or not
they would contact the civil protection authorities with
a flood warning on the situation they were forecasting
for the following days. They also had to qualify the
level of severity of the situation: low, medium or high.
Time to analyse the data was limited (1 h) in order
to mimic the decision-making process under pressure,
which is often the case in real-time forecasting situations.
Before starting the case studies, an overview of technical
aspects concerning the EFAS forecasting system and
Ensemble Prediction Systems (EPS) in hydrometeorology
was given in order to bring the participants to a similar
level of knowledge.

The basic information available for each case study
came from the medium-term forecasts of EFAS. Basi-
cally, it consisted of: (1) maps characterizing the river
basins, including topography, river network and local-
ization of discharge gauging stations; (2) information
about meteorological conditions and precipitation fore-
casts from the Deutsche Wetterdienst (forecasts for the
next 7 days) and the European Centre for Medium-
Range Weather Forecasts, ECMWF (forecasts for the next
10 days), the latest including overview maps of the 51

EPS precipitation forecasts; (3) observed discharges at
the gauging stations for the previous days; (4) discharge
forecasts at the gauging stations for the next 48 h from
a local model; (5) EFAS information reports summariz-
ing the situation for the next 7–10 days in terms of
exceeding EFAS alert levels, including deterministic and
probabilistic flood forecasts based on EPS. A computer
and a CD-ROM containing all other information par-
ticipants could eventually need to base their decisions
on (e.g. radar images, qualitative information on river
basins’ characteristics) were also provided.

In order to assess the influence of different available
information on forecasters’ analyses and decisions, infor-
mation was distributed unequally: on a rotating basis, one
control group was assigned to receive reduced informa-
tion, which consisted of all information mentioned above,
except the forecasted hydrographs (point 4) and infor-
mation on EFAS flood forecasts and alert levels (point
5), while the other three groups had the complete deter-
ministic and probabilistic information. The control group
was thus without any hydrological uncertainty informa-
tion based on EPS. Also, the case studies were selected
in a way that in each case the role of the EPS forecasts
was slightly different: sometimes in agreement with the
results of the deterministic forecasts, sometimes contra-
dicting them.

During the case studies, each group had an ‘observer’
(one of the organizers of the workshop), who was not
supposed to interfere in the group’s discussions and in
the decision-making process, but to provide technical
assistance, if necessary, as well as to take notes on
how the groups were dealing with the uncertainty in
the forecasts and on their general attitude towards the
exercise. After working with all case studies, plenty of
time was given to a plenary session, where participants
were invited to present their decisions and discuss on
the way they had used the probabilistic forecasts based
on EPS, on the difficulties they had encountered during
the exercise and on their views on the best way to
communicate uncertainty in flood forecasting.

Some interesting results regarding the practice of
forecasting under uncertainty are summarized below
(quotations come from the plenary discussion):

• In general, forecasters found EPS-based forecasts help-
ful and important, and missed the EPS information
when it was not provided: ‘. . . it was a great confusion
for us (to) work without EPS’

• The majority of forecasters used EPS uncertainty
information to confirm the deterministic forecast: ‘if
the EPS shows the same direction (as) the other
forecast, it makes us more confident’; ‘(if it doesn’t
it makes us) much more confused’

• Confidence in a forecast was basically built on: agree-
ment between forecasts from different sources, EPS
supporting one or both deterministic forecasts, and
forecast persistence from 1 day of forecast to another:
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‘when forecasts disagree . . ..I wait for the next fore-
cast’; ‘a persistent situation can give probably more
skill than a different situation’.

Additionally, the experiment showed that:

• Forecasters were mainly conservative when issuing an
alert: they showed a tendency to maintain the highest
level of severity issued until they could be sure that
there was no risk of achieving it anymore. In different
workgroups, it was observed that when forecasters
issued a high severity level in the first day of forecast,
they preferred to keep it through the next few days,
even if the risk decreased. They would only decrease
the level they issued if, on the third day, the situation
showed to be no longer severe.

• Local expert knowledge is perceived as a key ele-
ment for good flood forecasting. Forecasters high-
lighted the difficulties in performing flood forecasting
over a region they are not used to working with. This
result is in accordance with other studies arguing that
familiarity with the situation and local expertize have
a role to play in judging unusual situations in flood
forecasting and warning (Blöschl, 2008). Local expert
knowledge concerns knowledge of the behaviour of
the river basin, as well as prior knowledge concern-
ing other meteorological and hydrological situations
experienced by the watershed.

• The understanding of how to use uncertainty infor-
mation to make decisions on flood warning increased
with subsequent case studies. This observed ‘training
effect’ highlights the importance of training in the use
of probabilistic forecasts and products in operational
forecasting.

3.2. Survey results: experience in forecasting
and uncertainty

Together with the workshop, a survey was prepared to
assess flood forecasters general perception of uncertainty.
Two main issues were addressed:

1. the respondents’ work experience with flood forecast-
ing, uncertainty, forecast communication and decision-
making, as well as their experience and knowledge
with ensemble prediction systems (EPS);

2. the respondents’ general perceptions of the use and
communication of uncertainty in flood forecasting.
This issue was assessed with the help of 43 state-
ments to which respondents had to answer by choosing
between ‘strongly agree’, ‘agree’, ‘not sure’, ‘dis-
agree’ and ‘strongly disagree’.

The survey was conducted at the Joint Research
Centre (JRC), in Italy, during winter 2005/2006. The
questionnaire was distributed in person to forecasters
working in different national hydrological services in
Europe and the respondents had approximately 20 min
to complete the questions. Twenty five questionnaires

were collected. Respondents came from 14 different
European countries. Germany was the country with more
respondents (4 out of 25), followed by France and
Italy (three each). The proportion of male and female
respondents was 64 and 36%, respectively. Most of the
participants (52%) had less than 5 years of experience in
flood forecasting, while 32% (8 respondents out of 25)
had more than 10 years of experience.

Results show that the use of meteorological products in
hydrological forecasting predominates in the sample sur-
veyed (operational forecasters involved in forecasting at
relatively larger and/or transnational river basins): a large
majority of respondents have experience with flood fore-
casting based on meteorological forecasts (92%). How-
ever, experience with uncertainty and/or ensemble pre-
dictions is much smaller: about half of the respondents
answered to have experience with uncertainty in forecast-
ing (52%) and only 44% answered to have experience
with forecasting based on Ensemble Prediction Systems
(EPS) (11 out of 25 respondents) (Figure 3).

Figure 4 shows forecasters’ judgments on their expe-
rience and knowledge with EPS: 80% of the respondents
answered to have ‘very little’ (32%), ‘a bit’ (16%) or ‘a
fair bit’ (32%) direct experience with EPS. It seems that
while some forecasters may have direct contact with EPS
(most probably with meteorological EPS, according to the
results from Figure 3), they might not perform hydrolog-
ical forecasting based on EPS. When asked how they
would rate their knowledge of EPS, most of the answers
were ‘okay’ (32%), followed by ‘good’ (24%) and ‘poor’
(20%). These results show that there is room for improv-
ing experience and training on the use of probabilistic
products in hydrological forecasting.

The survey also showed that a large majority of fore-
casters (92%) agree or strongly agree with the statement
that ‘ensemble predictions provide flood forecasts with
valuable information’. Eighty four percent disagree or
strongly disagree that ‘uncertainty analysis is not relevant
for operational flood forecasting and warning purposes’.
The majority (55%) said they were ‘not sure’ about the
statement that ‘experienced forecasters are more skillful
at predicting floods than EPS’. Fifty eight percent dis-
agree or strongly disagree that ‘flood forecasters should
not issue flood warnings until they are certain that there
will be a flood’, while 33% opted for the answer ‘not
sure’.

A large majority of respondents (80%) said to be in
contact with the civil protection or any other decision
maker when a flood event is forecasted (Figure 3).
Seventy six percent answered that they participate in
reporting and sending flood alerts to other authorities,
while 56% of the respondents indicated they had already
been involved in communicating a flood forecast or
warning to the media (television, radio, newspapers).
Forty six percent of the respondents said that they agree
with the statement that ‘ensemble predictions cannot
be understood by policy makers and the public’ (17%
disagreed with the statement and 33% answered they
were not sure). Only 4% disagree that policy makers

Copyright  2010 Royal Meteorological Society Meteorol. Appl. 17: 223–235 (2010)



COMMUNICATING UNCERTAINTY IN HYDRO-METEOROLOGICAL FORECASTS 229

0 10 90 100

(f)

(e)

(d)

(c)

(b)

(a)

Percentage of respondents

20 30 40 50 60 70 80

Figure 3. Work experience in flood forecasting: (a) Do you have experience with flood forecasting based on meteorological forecasts? (b) When
a flood event is forecasted, are you in contact with the civil protection or any other decision maker? (c) Do you participate in reporting and
sending flood alerts to other authorities? (d) Have you ever been involved in communicating a flood forecast or warning to the media (television,
radio, newspaper)? (e) Do you have experience with uncertainty in forecasting? (f) Do you have experience with forecasting based on EPS
(Ensemble Prediction Systems)? Respondents were European forecasters (n = 25) from 14 different countries. ‘Yes’ responses are shown in

black, ‘no’ responses in gray.
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Figure 4. Knowledge and direct experience with EPS: (a) How much direct experience have you had working with EPS? (b) How would you
rate your knowledge of EPS? Respondents were European forecasters (n = 25) from 14 different countries.

and the public are confused by probabilistic statements
such as ‘there is a 25% chance of flooding’, while
38% answered ‘not sure’ and 50% agreed with the
statement.

In summary, from the workshop and the survey, it
emerged that although forecasters have been in contact
with ensemble predictions, there is still room for improv-
ing their knowledge and increasing their experience on
the use of uncertainty in flood forecasting. It was seen
that forecasters are usually open to new products and
methods to assess and describe flood hazard in a prob-
abilistic way, although they are still not sure on how to
efficiently use the information. A large majority of fore-
casters are actually involved in the communication of
forecasting results, which evidences the important role
of communication in their work. With the increasing use

of probabilistic products in forecasting, together with the
progressively embracing of the concept of uncertainty by
users, the effective way of communicating uncertainty
in forecasts will become an even more essential topic
for operational hydrological forecasters. Basically, fore-
casters’ main concerns rely on: (1) the efficient way to
disseminate probabilistic results, (2) the type and quantity
of information to be provided to end-users, (3) the way
to measure the usefulness of the information provided,
(4) the analysis of consistence between model outputs
and persistence in time-consecutive forecasts, and (5) the
best way to combine forecasts from different sources.

Finally, it should be noted that, since the workshop
and survey have been conducted, a number of operational
hydrological services in Europe have adopted EPS in their
flood forecasting chain. Therefore, a similar study carried
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out today could yield different results. More details on
the main technical results of the workshop can be found
in Thielen et al. (2005), while more insights on risk
perception can be found in Demeritt et al. (2007).

4. Case-study II: risk perception and
decision-making in hydroelectricity

Over the last 60 years, the French national electricity
company (EDF) has accumulated experience on real-time
hydrometeorological monitoring and operational inflow
forecasting, from flood forecasting (for safety and secu-
rity) to long-term reservoir management and decision-
making (Lugiez and Guillot, 1960). Applied research has
been particularly carried out to investigate the potential
improvements on risk analysis by using information from
ensemble weather predictions and calibrated probabilistic
forecasting systems. It is expected that probabilistic fore-
casts in hydroelectric systems should not only represent
a gain in safety and security, but also in the optimization
of the economic value of water resources.

At EDF, 1–7 day deterministic flow forecasts are per-
formed on a daily basis on a hundred of watersheds
in France, mainly located in mountainous areas (Alps,
Pyrenees and Massif Central). Seven-day probabilistic
forecasts, based on analogues, i.e. historic situations anal-
ogous to current predictions (Zorita and von Storch, 1999;
Obled et al., 2002) and on rainfall and temperature fore-
casts from the Ensemble prediction system of ECMWF
(EPS, 51 members), were pre-operationally implemented
in 2008. In the pre-operational probabilistic forecasting
chain, meteorological forecasts are combined with a sta-
tistical model that estimates the uncertainty from the
rainfall-runoff model to produce ensemble streamflow
forecasts that take into account both meteorological and
hydrological uncertainties (Montanari and Brath, 2004;
Schaefli et al., 2007; Mathevet et al., 2009). The qual-
ity of the probabilistic forecasts is being investigated in
order to improve the efficiency of the forecasts issued
and enhance forecaster expertize. Forecast evaluation has
focused on three main variables of interest: flood volume,
peak flow and timing.

Currently, the end-to-end operational streamflow fore-
casting chain includes several steps. First, meteorological
forecasts are retrieved, visualized and submitted to a
first expert interpretation and reporting. These forecasts
come from the Arpège and Aladin Météo-France weather
prediction systems (deterministic forecasts), from an
analogue-based forecast system (quantile-based forecasts)
and from the EPS-ECMWF (ensemble forecasts). Second,
based on the expert analysis and on previous meteoro-
logical forecasts, a scenario of precipitation and air tem-
perature is constructed and used to force a hydrological
model and a water temperature model. Third, streamflow
and river temperature forecasts are delivered to two dis-
tinct EDF internal users: (1) the unit responsible for the
optimization/trading of resources (energy purchase, pro-
duction and sale) and the guarantee of energy delivery

to clients, and (2) the local hydraulic centres, responsible
for dam security and reservoir management.

When necessary, expert probabilistic streamflow fore-
casts (forecasts based on human expertize) are also pro-
duced. In this case, to cope with the uncertainties in
hydrometeorological forecasts, forecasters are encour-
aged to modify temperature, rainfall and streamflow
forecasts, given their experience and knowledge of the
behaviour of the watersheds. In their predictions, fore-
casters have to consider the location of the hydro-
meteorological event, its temporal evolution and its mag-
nitude. They are asked to build scenarios for the 10, 50
and 90% percentiles (i.e. the median scenario and the
80% predictive interval of the probability distribution,
with the range of values lying between the 90th percentile
at the upper bound and the 10% percentile at the lower
bound). For some case studies, it is then possible to com-
pare these expert probabilistic streamflow forecasts to the
automatic model outputs from the pre-operational proba-
bilistic forecasting chain.

The flood event observed in May 2008 in the Durance
River at the Serre-Ponçon reservoir (southeastern France)
illustrates the difficulty forecasters can encounter to per-
form good expert probabilistic forecasts in the operational
context. The flood event registered a maximum peak
flow slightly exceeding the 20 year return period flood
(750 m3 s−1) on the 30 May. On the 23 May, a 6 day
streamflow forecast scenario was issued based on Arpège
and Aladin Météo-France weather prediction systems and
on the analogue forecasting system running at EDF. Fore-
casters built their more probable air temperature and pre-
cipitation scenarios based on their analysis of the meteo-
rological situation. At that time, forecasters were prepared
for a warm and rainy week. They were predicting that the
upcoming event would most probably be the peak of the
annual snowmelt-based runoff at the outlet of the catch-
ment. Forecasters issued an expert probabilistic forecast
based on their subjective construction of a low (10%)
and a high (90%) scenario. Their hydrological forecast
is shown in Figure 5(a): the 80% confidence interval
(defined by the 10 and 90% quantiles) and the median
scenario. An increase in streamflow was predicted, with
a discharge peak to occur on 28–29 May. The predictions
show a 50% of probability that this peak would be greater
than 300 m3 s−1, and a 10% of probability that this peak
would be greater than 450 m3 s−1 (approximately, the
5 year return period flood at the location). The confidence
interval of the expert probabilistic forecast indicated a
chance of an upcoming stronger event, comparatively to
the one predicted by the forecasts issued by the mod-
els without human expertize (not shown). However, this
chance being too small, this expert probabilistic forecast
was not considered alarming enough. No severe warning
was issued to EDF internal users. Although the group of
forecasters kept the event under survey, no other expert
probabilistic forecast was produced during the following
days.

Four days later, on 27 May, the expert forecasts issued
showed a much different picture of the situation: at this
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Figure 5. Expert probabilistic streamflow forecasts in the Durance River at Serre-Ponçon for the 30 May 2008 flood event: forecast issued on
(a) 23 May, and (b) 27 May. Median predictions are represented by black dots; around the median, the grey shadowed area indicates the 80%
confidence interval (range of values between the 90th percentile at the upper bound and the 10th percentile at the lower bound). Observed
streamflow (continuous line) and simulated streamflow with observed meteorological data (broken line) are also represented. The flood threshold

corresponding to a 20 year return period is indicated (Q20).

time, the predictions were indicating the exceedence of
the 20 year flood (Figure 5(b)). In fact, an important
amount of rain (mean areal rainfall of about 40 mm
in 24 h for 3700 km2), which was not forecasted by
any available meteorological model the days before it
happened, had been recorded on the 25 May. River
flow had increased sharply (reaching the 10 year return

period flood) and forecasters were alerted for the potential
dangerousness of the upcoming event. On the 27 May,
the forecasting system could assimilate this new data and
produce better forecasts for the next days. Forecasters
were able to provide a widener inter-quantile range of
their probabilistic forecasts, by using not only their expe-
rience, but also model updates. The 90% quantile was
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now forecasted to exceed the 20 year flood (Figure 5(b)).
Forecasters had even predicted the possibility of a 50 year
flood event (900 m3 s−1) to occur, with a 10% probabil-
ity. This second probabilistic forecast proved to be very
useful for management operations, by anticipating with
3–4 days this major flood event.

Retrospectively, it can be said that the increasing trend
in the temporal evolution of discharges was correctly
predicted several days in advance. However, the intensity
of the flood peak and the flood volume were largely
underestimated, by both the models and the expert
probabilistic forecasts. In the case here presented, it
can also be seen that the hydrological model simulated
well the evolution of flows when retrospectively forced
with observed meteorological data (see dashed lines in
Figure 5). Would the forecasters be able to forecast the
event with an increased lead time if a better forecast of
the event was issued by the hydrometeorological chain
of models? Are they, somehow, guided (or constrained)
by the possibilities given by the models?

The answer to the questions above is not straightfor-
ward. A study conducted at EDF by Houdant (2004)
indicated that it seems that forecasters have a tendency
to underestimate hydrological risks and uncertainties. An
in-depth analysis of a large number of events would be
necessary to better assess this issue, which is out of
scope of this paper. However, in order to check, for
the case-study presented here, if the deficiencies of the
expert probabilistic forecasts issued could mainly be due
to the meteorological predictions or to a clear overconfi-
dence of the forecasters, we run reforecasts of ensemble
streamflows for the 23 May (Figure 6(a)) and the 27 May
(Figure 6(b)) based on EPS-ECMWF and rainfall-runoff
model uncertainty. These data were not available to the
forecasters at the time of the flood event.

In comparison to the expert probabilistic forecasts
in Figure 5, these two forecasts are very interesting.
Figure 6 shows that the 80% confidence intervals of the
ensemble forecasts are in fact narrower than that of the
expert forecasts. It was seen that, for the 25 May, very
few members of the rainfall ensemble predicted a rainfall
greater than 30 mm and no member predicted a rain-
fall greater than 40 mm. As a consequence, the peak
flow associated with a 10% probability of exceedence
in the hydrological ensemble forecasts of the 23 May
was of only 400 m3 s−1 (Figure 6(a)). On the 27 May
(Figure 6(b)), a significant decrease of streamflow was
predicted before the peak of 750 m3 s−1 was forecast
with a probability of 10%. Post-event analyses of the
meteorological situation for this particular event showed
that precipitation was caused by an eastward Mediter-
ranean depression, whose speed had been underestimated
by the models. All EPS members were localizing strong
rainfalls on the Cevennes region, situated 200 km west
of the Durance watershed. Like the ensemble predictions,
expert probabilistic forecasts were not able to envisage
the probability of an eastward shift of precipitation and its
consequence when falling over the Durance watershed.

What made this particular forecast so difficult? Nei-
ther did the weather forecasts from the 51 members
of EPS-ECMWF locate large rainfall amounts on the
Durance watershed, and instead placed strong rainfalls in
the Cevennes region, nor were forecasters able to imag-
ine the geographic displacement of the rainfall event.
It seems that once forecasters have built-up their most
probable scenario, usually supported by successive con-
cordant meteorological forecasts, it is difficult for them to
imagine another probable spatial pattern. This is in agree-
ment with what was reported in the study by Houdant
(2004) and observed in the results of the workshop
presented in Section 3. Certainly, the event was rare,
and weather forecast uncertainties, as well as rainfall-
temperature-runoff modelling uncertainties were consid-
erable. These uncertainties were combined to forecast-
ers’ self-censure, and forecasters were convinced that
the event, if it was to occur, would take place in the
Cevennes region. As a consequence, the hydrological
risk at the Durance watershed during this event was esti-
mated to be low. The better forecasts issued on 27 May
were maybe highly influenced by the large amount of
rainfall that had just been recorded, as well as by the
fast increase of discharge values observed in the previ-
ous 24 h. What is most certainly, however, is that by
discussing model results among themselves, forecasters
were able to improve their interpretation of model out-
puts and underpin the forecasts they delivered to their
users.

A recent study presented by Önkal et al. (2009) indi-
cates that in forecasting tasks people have a tendency
to take greater account of advice when they think it
has been provided by a human expert rather than a sta-
tistical method. In the case study presented here, the
comparison of expert and automatic probabilistic fore-
casts confirmed that human expertize is an important
step to efficiently improve hydrometeorological forecasts
and uncertainty communication. However, it also showed
that human expertise per se is not sufficient to prevent
misses or false alarms. More practice with probabilistic
forecast interpretation and stimulating team discussions
are essential to improve the use of probabilistic forecasts
in hydrology and to succeed in uncertainty communica-
tion.

5. Conclusions

This paper addresses the question: is communicating
uncertainty in hydro-meteorological forecasts mission
impossible? Two case-studies dealing with the proba-
bilistic forecasting of discharges have been presented in
an attempt to illustrate the main aspects to consider in
the quest for an answer. From this experience, there is
an optimistic temptation to bet on a negative answer:
the mission is not impossible, at least not in its abso-
lute terms, although the tasks to be executed might be
difficult to accomplish. Efficient communication of fore-
cast uncertainty will result in an increased prepared-
ness, whether the event happens or not, as users will
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Figure 6. Automatic probabilistic streamflow forecasts based on EPS-ECMWF and rainfall-runoff model uncertainty in the Durance River at
Serre-Ponçon for the 30 May 2008 flood event: forecast issued on (a) 23 May, and (b) 27 May. Median predictions are represented by black dots;
around the median, the grey shadowed area indicates the 80% confidence interval (range of values between the 90th percentile at the upper bound
and the 10th percentile at the lower bound). Observed streamflow (continuous line) and simulated streamflow with observed meteorological data

(broken line) are also represented. The flood threshold corresponding to a 20 year return period is indicated (Q20).

be able to understand the message conveyed and act
accordingly. However, a lot of work is still necessary to
show the value of such a communication process, which
needs to go far beyond the traditional approach of just
displaying numbers, scores and good performance mea-
sures.

Several challenges encountered by the hydrological
community in probabilistic forecast and communica-
tion are not completely detached from those that corre-
lated sciences dealing with decision-making under risk
have been facing (see, for instance, the recommen-
dations in NRC (2006) and the guidelines proposed
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by WMO (2008), focusing on weather and climate
forecasts). Much can therefore be learnt from
outside-hydrology experiences and their contextualization
to the operational problems at hand. Specific guidelines
to a hydro-meteorological forecasting chain need to be
developed. How far this is possible, given the uniqueness
of catchments in their hydrological behaviour, the dif-
ferent organizational structures and socio-cultural dif-
ferences faced by hydrometeorological forecasters, also
needs to be explored.

The approach of probabilistic forecasting in meteo-
hydrology is still novel. Many methods and techniques
to cascade uncertainties still have to be developed and
tested in operational environments. A period of several
years will be needed to build up the know-how of fore-
casters within the hydrological forecasting agencies and
to fully incorporate the benefits of these new operational
flood forecasting tools. However, the occurrence of single
extreme flood events, and the responses to them, can sig-
nificantly alter the course of flood policies in individual
countries and catalyse scientific and operational develop-
ments (Pitt, 2008). Therefore, alternative ways to increase
effectiveness in forecasting processes and communication
must be thought out and tested.

As policy and decision making often rely on scientific
forecasts and experts judgements, attention must be paid
to initiatives that promote or reinforce the active partic-
ipation of expert forecasters in the meteo-hydrological
forecasting chain. The practice of face-to-face forecast
briefings, focusing on sharing how forecasters interpret,
describe and perceive the model output forecasted sce-
narios, together with continuous technical training, is
essential in the communication of uncertain forecasts.
Training for users should also be encouraged, so together
flood forecasters and users can define and agree on the
level of uncertainty acceptable for each community or
problem in hand. Focus should be placed on studies that
take account of forecast requirements of different types
of users, with different needs in terms of forecast formu-
lation, tolerance to false alarms and optimum probability
thresholds for the detection of critical events.

Finally, integrated platforms, allowing a continuous
exchange of knowledge and information in real time, are
crucial for the development and implementation of useful
flood forecasting and warning systems. Due to the real-
time characteristic of a flood forecasting exercise, such
systems can benefit greatly from an automatic (as much
as possible, considering that the activity is strongly based
on expert knowledge) and adaptive (i.e. robust in deal-
ing with different situations one can find in forecasting
weather-driven processes) chaining of suitable compo-
nents for communication and decision support.

In summary, efficient communication of uncertainty in
hydro-meteorological forecasts is not a mission impos-
sible. The numerous other questions remaining unan-
swered in hydrological forecasting should not neutralize
the goal of such a mission, and the suspense kept should
instead act as a catalyst for overcoming the remaining
challenges.
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