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This study investigates the uncertainty in the estimation of the design flood induced by errors in flood
data. We initially describe and critically discuss the main sources of uncertainty affecting river discharge
data, when they are derived using stage-discharge rating curves. Then, different error structures are used
to investigate the effects of flood data errors on design flood estimation. Annual maxima values of river
discharge observed on the Po River (Italy) at Pontelagoscuro are used as an example. The study demon-
strates that observation errors may have a significant impact on the uncertainty of design floods, espe-
cially when the rating curve is affected by systematic errors.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

A common task in hydrology is the provision of an accurate
estimation of the so-called design flood, which can be defined
as the discharge value corresponding to a given recurrence inter-
val or return period. The estimation of the design flood is usually
carried out by fitting a probability distribution to the observed
flood data to suitably represent the frequency of occurrence of
rare events (Stedinger et al., 1992). This procedure is affected
by uncertainty mainly caused by: (i) difficulties in choosing the
appropriate probabilistic model (e.g., Mitosek et al., 2006; Laio
et al., 2009); (ii) uncertainty in the parameter values of the model
itself (e.g., Martins and Stedinger, 2000; Griffis and Stedinger,
2007); (iii) uncertainty in the river discharge data (considered
in this paper). In addition, depending on the specific case study,
other sources of uncertainty can be relevant, such as departures
from stationarity.

Flood frequency analysis often disregards the uncertainty of
river flow data (source iii) used for the statistical inference.
However, the scientific literature has shown that errors affecting
river discharge observations are indeed far from negligible
(Dymond and Christian, 1982; Pelletier, 1987; Kuczera, 1992,
1996; Clarke, 1999; Franchini et al., 1999; Petersen-Øverleir,
2004; Pappenberger et al., 2006; Di Baldassarre and Montanari,
2009; Lang et al., 2010). In fact, river discharge is seldom di-
rectly measured during floods, but it is indirectly estimated by
measuring the river stage and converting it into river discharge
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by means of a stage-discharge relationship, namely, the so-called
rating curve (Herschy, 1978). This procedure, which is better de-
scribed in the next section, implies that the uncertainty of river
discharge data is particularly significant during flood events,
when the rating curve is extrapolated far beyond the measure-
ment range (Rantz et al., 1982; Rosso, 1985; Kuczera, 1996;
Pappenberger et al., 2006; Di Baldassarre and Montanari, 2009).

Yet, only few authors have investigated the uncertainty in the
design flood caused by imprecision of the river flow data, which
is the main objective of this paper. Cong and Xu (1987) analysed
this source of uncertainty and concluded that the effects of ordin-
ary measurement errors are slight and essentially negligible. How-
ever, Cong and Xu (1987) considered discharge data errors lying in
the range 3–5%, which seems to be an optimistic assumption. In
fact, many authors showed that the uncertainty affecting flood
data might be as large as 30% in many practical cases (e.g. Kuczera,
1996; Pappenberger et al., 2006; Di Baldassarre and Montanari,
2009).

Kuczera (1996) also investigated the effect of errors in river dis-
charge data on flood frequency analysis and proposed an inference
framework which makes explicit allowance for observation errors.
In particular, Kuczera (1996) showed that errors induced on design
flood estimation by the extrapolation of the rating curve can ‘‘very
substantially, indeed massively’’ corrupt the estimation of the de-
sign flood. However, he concluded that a better characterization
of the errors induced by the rating curve is needed to obtain a more
precise estimation. Petersen-Øverleir and Reitan (2009) developed
a novel methodology for evaluating the joint impact of sample var-
iability and rating curve imprecision on design flood estimation.
Yet, they did not take into account the additional uncertainty in
river discharge observations induced by extrapolating the rating
curve, which is often the main source of error in flood data. Lang
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et al. (2010) used a Bayesian framework including a multiplicative
error on the rating curve to assess the influence of errors in dis-
charge data on the outcomes of flood frequency analysis.

This study builds on recent improvements in the characteriza-
tion of the global uncertainty in river discharge observations
(Rosso, 1985; Cong and Xu, 1987; Kuczera, 1996; Di Baldassarre
and Montanari, 2009) with the aim to investigate the effect of
this uncertainty on the estimation of design floods. More specifi-
cally, the Kuczera (1996) error structure is used to investigate the
effect of rating curve extrapolation error and introduce the rating
curve paradox. Secondly, a more comprehensive analysis is per-
formed under the assumption that flow observation errors are
Gaussian with zero mean and standard deviation proportional
to the true river discharge (Rosso, 1985; Cong and Xu, 1987;
Kuczera, 1992). Lastly, a more complex characterization of the
global uncertainty in flood data recently proposed by Di
Baldassarre and Montanari (2009) is considered.
2. Uncertainty in river discharge observations

In order to better describe the uncertainty that affects river dis-
charge observations, a brief description of the rating curve method
for discharge measurement is reported here. The standard method-
ology to derive a rating curve is based on the assumption that a
one-to-one correspondence between the river discharge and the
water stage exists (hereafter referred to as the ‘‘true rating curve’’,
see Fig. 1); this assumption is plausible for non-tidal rivers in stea-
dy flow conditions (Chow, 1959).

The true rating curve is obviously unknown and the standard
procedure to estimate a rating curve consists of carrying out field
campaigns to record contemporaneous measurements of water
stage, h, and river discharge, Q. Such measurements allow one to
identify discrete points (Q, h) that are subsequently interpolated
through an analytical relationship that approximates the rating
curve (Fig. 1). A power-law function is commonly used in hydro-
metric practice (Herschy, 1978; Dymond and Christian, 1982),

Q ¼ aðh� bÞc; ð1Þ

where a, b, and c are calibration parameters, which are usually
estimated by means of the non-linear least squares method
(e.g. Petersen-Øverleir, 2004). Eq. (1) is widely used due to its
mathematical simplicity and physical plausibility (Chow, 1959;
Fenton, 2001; Petersen-Øverleir, 2005).
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Fig. 1. Example of how errors induced by the extrapolation of the rating curve often lead
The uncertainty affecting river discharge observations can be
caused by: errors in the individual stage and discharge measure-
ments used to parameterize the rating curve; uncertainty inherent
to the least squares estimation of the parameters in Eq. (1); pres-
ence of unsteady flow conditions; extrapolation of the rating curve
beyond the range of measurements used for its derivation; pres-
ence of relevant backwater effects (caused by downstream conflu-
ent tributaries, lakes and regulated reservoirs) and temporal
changes in the hydraulic properties governing the stage-discharge
relationship (e.g. scour and fill, vegetation growth, ice build-up
during cold periods).

The error induced by the extrapolation of the rating curve be-
yond the measurement range (hereafter referred to as ‘‘extrapola-
tion error’’) is usually the main source of uncertainty in flood data,
as recognized by many authors (e.g. Rantz et al., 1982; Kuczera,
1996; Clarke, 1999; Di Baldassarre and Montanari, 2009). This is
well known in the literature, as some authors (e.g. Rantz et al.,
1982) warn not to extrapolate rating curves beyond a certain
range. Nevertheless, many hydrological applications, such as flood
frequency analysis, do need river flow data referred to high flow
conditions so that the extrapolation of the rating curve beyond
the measurement range is often necessary (Pappenberger et al.,
2006).

As an example, Fig. 1 shows the effect of rating curve extrapo-
lation beyond the measurement range and highlights the fact that
extrapolation errors increase for higher values of the river dis-
charge (see also Reitan and Petersen-Øverleir, 2008). Moreover,
Fig. 1 shows an additional interesting aspect: the extrapolation of
the rating curve often results in either a systematic underestima-
tion or overestimation. This implies that errors in discharge obser-
vation are somehow correlated (Kuczera, 1996).
3. Simplified approach for the qualitative assessment of design
flood uncertainty induced by data errors

This section aims at showing, with a simplified approach, the
practical effects introduced by the extrapolation error of the rating
curve. This simplified approach is useful for obtaining a first qual-
itative assessment. A more refined analytical derivation will follow
in Section 4.

In order to evaluate the impact of the extrapolation error on de-
sign flood estimation, annual maxima values of river discharge ob-
served for Po River (Italy) at Pontelagoscuro from 1920 to 1991 are
used as an example. This reach of the Po River can be considered
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to either a systematic underestimation [left panel] or overestimation [right panel].
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Fig. 2. Example of the rating curve paradox. Numerical test with a = 0.75 [top
panel] and a = 1.25 [bottom panel]. The diagrams show that the design flood levels
would be significantly either underestimated or overestimated by using the
estimated design floods as input of a model perfectly able to reproduce the true
rating curve.
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representative of many non-tidal alluvial rivers (Di Baldassarre and
Claps, 2011). Moreover, the error structure is derived by referring
to the findings of Kuczera (1996), where the extrapolation of the
rating curve results in either a systematic underestimation or over-
estimation (Fig. 1). Kuczera (1996) pointed out that this systematic
error can be reliably characterized by assuming that: (a) discharge
estimates in the extrapolation domain are corrupted by a relative
error; (b) this error depends on the distance from the anchor point
(which divides the interpolation from extrapolation zones, e.g.
Fig. 1) and not from the origin; (c) interpolation error from the ori-
gin to the anchor point is assumed to be negligible.

Thus, according to Kuczera (1996) the systematic error intro-
duced by the extrapolation of the rating curve can be described as

Q ¼ Q 0 if Q 0 < Q aðinterpolation zoneÞ ð2aÞ

Q ¼ Q a þ aðQ 0 � QaÞ if Q 0 > Q aðextrapolation zoneÞ ð2bÞ

where Q0 indicates the true value of river discharge, Q the observed
value, Qa is the river discharge value corresponding to the anchor
point, and a is a positive-valued coefficient. When a < 1 extrapola-
tion of the rating curve produces discharge overestimation, when
a < 1 it induces underestimation.

Given that Eq. (2b) is a linear, monotonically-increasing, func-
tion, it is easy to derive the relation between the cumulative distri-
bution function (CDF) of the observed value of river discharge, Q,
and the CDF of the true value, Q0 (Benjamin and Cornell, 1970):
for large discharge values (which are of interest in flood frequency
analysis) one falls in the extrapolation branch of the rating curve,
which implies

FQ ðqÞ ¼ PrðQ 6 qÞ ¼ PrðQ a þ aðQ 0 � Q aÞ 6 qÞ: ð3Þ

It follows that:

Q T ¼ Q a þ aðQ 0T � Q aÞ; ð4Þ

where QT and Q 0T indicate the quantile, with return period T, derived
from the observed and true values, respectively, of river discharge
data.

The error structure proposed by Kuczera (1996) enables an
approximate investigation of the effect of data errors on the esti-
mation of the design flood. In particular, a numerical experiment
is developed as follows (Fig. 2):

(a) annual maxima values of river discharge observed on the Po
River (Italy) at the Pontelagoscuro station from 1920 to 1991
are assumed to be true river discharge data, Q0;

(b) using a survey of the cross section carried out in 1999, a
Manning-type equation is used to derive a steady flow rating
curve, which is assumed to be the true rating curve;

(c) the true discharge data, Q0, are used to evaluate the 1-in-
200 year flood, which is therefore assumed to be the true
design flood, Q 0T ;

(d) the estimated design flood, QT, is estimated by applying
Eq. (4), by using a constant value for a and Qa = 4500 m3 s�1.

Fig. 2 shows the results obtained with a = 0.75 (left panel)
and a = 1.25 (right panel) and allows an initial interpretation of
the practical effects induced by the extrapolation error; these a
values are plausible for the downstream reach of the Po River
(Di Baldassarre and Montanari, 2009). One can see that the
extrapolation leads to significant uncertainty in the estimation
of 1-in-200 year flood.

Hence, Fig. 2 shows the true rating curve (dashed line) and the
estimated rating curve (continuous line) and can be used to de-
scribe what we call the ‘‘rating curve paradox’’. To this end, let
us assume the (unrealistic) existence of a perfect hydraulic model,
i.e. a model perfectly able to reproduce the true rating curve
(Fig. 2). Then, we use the estimated design flood as input of this
model to predict water levels (or flood extents) corresponding to
a certain return period; doing so, we replicate a typical procedure
in hydraulic engineering and flood risk management (Di
Baldassarre et al., 2010). The results of this test are shown by the
black arrows in the diagrams of Fig. 2.

For instance, by considering the left panel of Fig. 2, one can ob-
serve that the use of the estimated design flood as input of a per-
fect hydraulic model (black arrows) would result in a significant
underestimation of the design water level. In fact, the true water
level corresponding to the true design flood is about 26.4 m (white
triangle), while the estimated one is about 23.9 m. It is clear that an
underestimation of the 1-in-200 year water level of about 2.5 m
may lead, for instance, to inappropriate design of flood defense
structures (e.g., levees). Similar conclusions can be reached by ana-
lyzing the right panel of Fig. 2. The ‘‘rating curve paradox’’ is that
the use of a perfect hydraulic model actually amplifies the uncer-
tainty induced by the use of an imprecise rating curve. In fact,



Fig. 3. Flood quantiles for different values of the error magnitude, b, under the
assumption of Gaussian error with zero mean and standard deviation proportional
to the true river discharge (see Eq. (6)).
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one (i) observes river stages with a negligible uncertainty, (ii)
transforms the river stage in river discharges with an incorrect
relationship (‘‘estimated rating curve’’, Fig. 2) and (iii) transforms
back the design flood to design flood levels by using a more accu-
rate approach (which, theoretically speaking, should tend to be the
perfect hydraulic model) in an attempt to reduce uncertainty. The
paradox is that one actually ends up with an incorrect estimate for
the design flood levels also because of the use of an accurate mod-
el. In particular, we used here a perfect hydraulic model as an ex-
treme example to show not only that it does not compensate for
the errors of the estimated rating curve, but also that it potentially
amplifies these errors. Thus, when the design flood is reconverted
into water level, the use of the same rating curve (though incor-
rect) is more appropriate than the application of a hydraulic model
(though perfect).

Although the plausibility of the above model for the rating
curve error, built after Kuczera (1996), the problem at hand might
be much more complex. In fact, while the extrapolation error is of-
ten the main source of uncertainty, there are many other uncer-
tainty sources affecting river discharge observations which were
not considered here.

4. An analytical approach for estimating design flood
uncertainty induced by data errors

This section describes a mode refined attempt to analyze the
uncertainty in the estimation of the design flood induced by errors
in river discharge data. Let Q0 indicate the true value of river dis-
charge, Q the observed value and e the observation error. It follows
that

Q ¼ Q 0 þ e: ð5Þ

In a first application the observation error, e, is assumed to be a
Gaussian random variable with zero mean and standard deviation
proportional to the true river discharge and equal to bQ0 (e.g. Rosso,
1985; Cong and Xu, 1987), where b is a positive-valued coefficient It
follows that

Q ¼ Q 0 þ bQ 0e0; ð6Þ

where e0 is a Gaussian random variable with mean and standard
deviation equal to 0 and 1, respectively. This implies that:

lQ ¼ lQ 0 ; ð7Þ

r2
Q ¼ r2

Q 0 þ b2 l2
Q 0r

2
e0 þ l2

e0r
2
Q 0 þ r2

Q 0r
2
ei

� �

¼ r2
Q 0 þ b2 l2

Q 0 þ r2
Q 0

� �
¼ r2

Q 0 1þ b2 þ b2

CV2
Q 0

 !
ð8Þ

It follows that the two parameters of a Gumbel distribution used in
the flood frequency analysis, h1 and h2, can be estimated using the
method of moments and read

ĥ1 ¼ lQ 0 � 0:45rQ 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2 þ b2

CV2
Q 0

vuut ; ð9Þ

ĥ2 ¼
ffiffiffi
6
p

p
rQ 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2 þ b2

CV2
Q 0

vuut : ð10Þ

By using the annual maxima values of river discharge observed on
the Po River at the Pontelagoscuro as true river flow data, Q0, Eqs.
(9) and (10) enable a first estimation of the effects of errors in riv-
er discharge data, Q, for different magnitudes of the error in river
discharge observations, b.
Fig. 3 reports the flood quantiles for different return periods,
estimated by means of the Gumbel distribution, versus the values
of the coefficient b. One can observe that the larger is b, the higher
is the design flood. This is due to the error structure given by (6),
which implies that errors in river flow observations, while not
affecting the mean value (Eq. (7)), increase the variance of river
discharge data (see Eq. (8)). Consequently, the quantiles increase
(Fig. 3). This result was already described in the scientific literature
(e.g. Rosso, 1985; Cong and Xu, 1987; Kuczera, 1992). In particular,
Fig. 3 shows that for b < 0.05, the effects of observation errors are
negligible, regardless of the considered return period. This also
confirms the findings by Cong and Xu (1987). However, as ex-
pected, one can see that for increasing values of the error magni-
tude the effects on quantile estimation are, although conservative
for design purposes, no longer negligible. In particular, for
b > 0.15 (which are not unlikely when the rating curve is extrapo-
lated beyond the measurement range; e.g. Pappenberger et al.,
2006; Di Baldassarre and Montanari, 2009) the effect of observa-
tion errors becomes very relevant.

An additional analysis was carried out by using the findings of
Di Baldassarre and Montanari (2009), with the difference that
uncertainty induced by the presence of unsteady flow is neglected.
Thus, according to Di Baldassarre and Montanari (2009), the global
river discharge error is written as

e ¼ e1 þ e2; ð11Þ

where e1 denotes the measurement error of the river flow data that
are used to build the rating curve, while e2 represents the error in-
duced by incorrect rating curve. Di Baldassarre and Montanari
(2009) quantified the e1 and e2 in detail and assumed that e2 can as-
sume positive or negative values with equal probability. In particu-
lar, under mild assumptions corresponding to the use of appropriate
measurement techniques suggested by European ISO Rule (1997),
the following relationship applies (Di Baldassarre and Montanari,
2009):

Q ¼ Q 0 þ e1 þ e2 ¼ Q 0 þ c1Q 0e01 þ c2Q 0e02; ð12Þ

where e01 is Gaussian with zero mean and standard deviation equal
to 1, while e02 is a binary variable taking the values +1 or �1 with
equal probability (c1 and c2 are positive-valued coefficients). For
the reach of the Po River from Isola Sant’Antonio to Pontelagoscuro



Table 1
Results of the third numerical experiment: effect of the error structure in Eq. (12) on
the estimated quantiles with different return periods. Data correspond to Po River at
Pontelagoscuro (Di Baldassarre and Montanari, 2009). The worst cases reflect the case
when the absence of rating curve updating is introducing systematicity.

Return
period
(years)

True
quantile
(m3/s)

Estimated
quantile (m3/s)

Worst case
1 (m3/s)

Worst case
2 (m3/s)

50 9607 10,450 7404 11,947
100 10,496 11,411 8013 13,145
200 11,381 12,574 8620 14,339
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(Italy), c1 was found to be equal to 0.027 while c2 is proportional to
the river discharge and varies between 0.018 and 0.331 Di Balda
ssarre and Montanari, 2009; Table 2). Given that e01 and e02 are both
characterized by zero mean and standard deviation equal to 1, if
the first two moments (mean and variance) are sufficient to define
the probability distribution (which is the case of Gumbel distribu-
tion), the error structure can be approximated as:

Q ¼ Q 0 þ ðc1 þ c2ÞQ
0e�; ð13Þ

where e� is a generic noise term with zero mean and standard devi-
ation equal to 1. This error structure is similar to the one given by
Eq. (6), with c1 + c2 = b. It follows that the parameters of the Gumbel
distribution corresponding to the observed river discharge can be
estimated by following a similar procedure.

Using this error structure, an exercise was carried out using the
annual maxima recorded on the Po River at the station of Pontela-
goscuro. Table 1 reports the results of this analysis in terms of esti-
mated quantiles. Hence, this latter application shows that the
errors in river discharge data lead to an overestimation of around
10% of the true design flood. Table 1 also reports the flood quantiles
estimated in the case when e2 would systematically take the value
of either +|e2| or �|e2|, without changing in time, which reflects the
case where the rating curve is not continuously updated and then
systematicity is introduced. In the first and second case (worst case
1 and worst case 2) the rating curve error is producing a systematic
underestimation or overestimation, respectively, of about 10 and
20%.
5. Discussion and conclusions

The effects of observation errors on the uncertainty of design
floods were analyzed by using different error structures, recently
proposed by the scientific literature. The first analysis focused on
the extrapolation error (often the main source of uncertainty in
flood data) and used Kuczera (1996) error structure. According to
this error model a systematic underestimation or overestimation
is introduced by the extrapolation of the rating curve (Fig. 1).
The effects of this type of error are relevant and may lead to what
we called the rating curve paradox, where the imprecision of flood
data is amplified by the use of a perfect model to predict water lev-
els or flood extents (Fig. 2). It should be noted that the rating curve
paradox can also be seen as an example of transfer of uncertainty
from the rating curve, which has low input uncertainty and high
structural uncertainty, and the (unrealistic) perfect hydraulic mod-
el, which has no structural uncertainty and high input uncertainty.

A second analysis is based on the assumption that observation
errors are Gaussian with zero mean and standard deviation propor-
tional to the true river discharge and equal to bQ0(Rosso, 1985;
Cong and Xu, 1987; Kuczera, 1992). The study showed that the ef-
fect of this type of error, although conservative for design purposes,
may be relevant for b values higher then 0.15 (Fig. 3).

Finally, a third analysis was performed by using the results of Di
Baldassarre and Montanari (2009) for the characterization of the
global uncertainty in flood data. The results of this study (Table 1)
showed that the design flood estimation may be seriously affected
by errors in flood data, especially when these are systematic.

The above conclusions point out that reducing the uncertainty
of river flow observations is a compelling requirement to improve
the reliability of hydrological design variables. One way of reduc-
ing this uncertainty is the continuous updating of the rating curve.
It is well known that this is a good practice in hydrometry. It is
therefore recommended not only to account for changes that
may occur in the river geometry and roughness, but also to avoid
systematicity, which may substantially increase the uncertainty
of design floods. However, one should bear in mind that updating
the rating curve is not sufficient to avoid the extrapolation errors
and the corresponding large errors in the prediction of flood levels.
Another relevant contribution to reducing uncertainty is to collect
river flow observations during extreme events, therefore raising
the level of the anchor point in the rating curve. This problem is
not easy to solve, because to collect river discharge observation
during floods is a difficult task. However, the integrated use of
innovative remote sensing techniques and hydraulic modeling
can provide interesting perspectives for the future (Schumann
et al., 2010; Prestininzi et al., 2011).
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