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hess-2010-324: Series Distance — An intuitive metric for hydrograph comparison

Author response to Referees

Dear Editor, dear Referees,

Thank you for the thought- and useful feedback to our proposed paper. In the following, we will reply
to all of your comments. As most comments were best answered by direct modifications of the
paper, we have attached a revised version of the paper. All modifications are marked in green, and in
the following response to each comment we will refer to the related modification in the paper.

Comments by Referee #1

Comment 1: The focus of the paper is only on the comparison of time series in a pure hydrological
context.

Answer: The Series Distance is indeed only intended as a metric to quantify the similarity of two
hydrographs, not timeseries in general. The reason is that (as the referee states in comment 5) there
is not even one ideal metric to quantify hydrograph distance, and much less there is one for time
series in general.

Comment 2: An overall discussion of connections with related fields is missing.

Answer: This is true, and we have substantially enlarged the paper to give adequate credit to time
series distance measures developed and used in other fields (see text marked green in Sect. 1.1, and
Sect. 2).

Comment 3: The paper definitely needs an overview of what already exists in related domains, and a
discussion about the aspects that make the distance measure of the authors novel.

Answer: For part 1 of the comment, please see the answer to comment 2. For part 2: The novel
aspect of the Series Distance is that it explicitly considers the special characteristics of hydrographs
(intermittency of low flow and individual, distinguishable events, segmentation of an event into rise
and recession according to the underlying processes that shape it) and the combination of three
criteria that are, with varying relative importance, relevant in many fields of hydrology (forecasting,
simulation etc.), namely a) does the simulation correctly predict events at all (this is relevant for long-
term flood forecasting), b) what is the agreement with respect to amplitude and c) with respect to
timing. Unlike other metrics, only matching parts of the hydrographs are compared. We stressed this
aspect in the Abstract (see there), the Introduction (Sect. 1) and the Summary (Sect. 5).

Comment 4: A clear definition of the exact goal for presenting a new distance measure is missing in
the introduction. Comparing two hydrographs is too general of a goal

Answer: This is correct. We completely reformulated the introduction (see especially page 5, lines 5-
17) to stress that the goal of the paper is to present a new distance measure to quantify the similarity
of two hydrographs neither in a time-aggregated nor in a point-by-point manner, but on the scale of
hydrological events. The motivation was further to develop a metric which is in closer accordance
with a hydrologist's intuitive, subjective (yet rooted in knowledge about the underlying hydrological
processes) way of determining the distance between two hydrogaphs by comparing matching events
and within them, matching segments of rise and recession. These conditions are not fulfilled by most
available metrics. We believe that the metric will be of use in hydrological applications where beyond
agreement in overall process dynamics (which could e.g. be evaluated with a Wasserstein Distance)
agreement in timing also plays a role, e.g. in forecasting.





Comment 5: The most appropriate measure of distance between two objects depends on what type
of behavior you want to quantify. From that perspective, | believe that such a thing like the “ideal
distance measure for comparing hydrographs does not exist.

Answer: We completely agree and we stress in the new introduction (Sect. 1) and the Summary
(Sect. 5) that each user has a different perspective on a hydrograph and hence will consider different
aspects of it for evaluation. However, our aim was to develop the Series Distance such that it
includes the main aspects of hydrograph evaluation we know from practical experience in
hydrological forecasting and simulation (event occurrence Yes/No, agreement in amplitude,
agreement in timing) in a way to give the right degrees of freedom for customization (i.e. user
specific weighting of the components) in a traceable way. These are the no-event threshold, the
match limit, the manner of smoothing and the relative weights which can be assigned to the Threat
Score, the Mean Absolute Timing Error SD,and the Mean Absolute Amplitude Error SD,. Further, we
state that the Series Distance is not a metric to evaluate low flow conditions (last paragraph of Sect.
3.0).

Comment 6: The authors focus mainly on comparing hydrographs for forecasting reasons, by
comparing the hydrograph of a fitted model with the hydrograph of true observations. To my
opinion, it would be less confusing to state this goal immediately at the beginning of the text.

Answer: In the new introduction, we introduce the motivation for developing a new metric from a
forecasting point of view. However, the method is also applicable to quantify the similarity of a
simulated and an observed hydrograph (we use the term 'forecast' for the output of a hydrological
model based on meteorological forecasts and the term 'simulation’ for the output of a hydrological
model based on observed meteorological drivers. This is standard in Hydrology). The real-world
example we used is indeed a forecast (based on the meteorological forecast ensemble of the
Cosmoleps model, which is a standard product in hydrological forecasting), but it might have been as
well a set of simulations based on different model parameter sets in a calibration procedure without
curtailing the generality of the results. To make this point more clear, we modified the first
paragraph of Sect. 4.2 (marked green).

Comment 7: Evaluation of predictive models is incorrectly dealt with: Authors claim in line 28-30 that
RMSE should be avoided as performance measure because it consists of a weighted three-criteria
objective function. This argument is used in a totally incorrect context. Statistically speaking, any
error measure (loss function) of any predictive data-driven model can be decomposed into three
parts. The expected prediction error of a model consists of: (a) the irreducible error (as a result of
noise in the data); (b) the squared bias (as a result of choosing a too simplistic model); and (c) the
variance (as a result of choosing a too complex model).lt is incorrect to state that one ends up with a
weighted three-criteria optimization problem. More importantly, it is also incorrect to state that this
is due to the nature of the RMSE. The bias-variance trade-off is a phenomenon that can be observed
for any performance measure, thus also for the one presented by the authors.

Answer: The referee is correct with his statements on the decomposition of the expected prediction
error of a model into an irreducible part, the bias and the variance; however this is not the point we
wanted to make in the paper. The point we want to make has been described by Gupta et al. (2009),
page 81 as follows:





Decomposition of model performance criteria
Previous decomposition of NSE

A previous decomposition of criteria based on mean squared er-
rors (Murphy, 1988; Weglarczyk, 1998) has shown that there are
three distinctive components, represented by the correlation, the
conditional bias, and the unconditional bias, as evident in Eq. (3),
which shows a decomposition of NSE.

MNSE=-A=B=0C (3
with:

A=r

B r-jo g,

C= g, — i,/ aof*

where ris the linear correlation coefficient between x, and x,, and

(ps ) and (1., 7,) represent the first two statistical moments

(means and standard dewviations) of x. and x, respectively. The

gquantity A measures the strength of the linear relationship between

the simulated and observed values, B measures the conditional bias,
and C measures the unconditional bias (Murphy, 1988).

New decomposition of NSE

An alternative way in which to reformulate Eq. (3) is given be-
low as Eq. (4), which reveals that N5SE consists of three distinctive
components representing the correlation, the bias, and a measure
of relative variability in the simulated and observed values.

NSE=2-a2-r—o = [ 4
with

o= 0:/Ta

By = (i — [/ 0,

where the quantity x is a measure of relative variability in the
simulated and observed values, and £, is the bias normalized by
the standard dewviation in the observed wvalues (note that fia=
sqrt(C)).

Eq. (4) shows that two of the three components of NSE relate to
the ability of the model to reproduce the first and second moments
of the distribution of the observations (i.e. mean and standard
deviation], while the third relates to the ability of the model to
reproduce timing and shape as measured by the correlation coeffi-
cient. The ‘ideal’ values for the three components are r=1, at=1,
and #, = 0. From a hydrological perspective, ‘good” values for each
of these three components are highly desirable, since in general we
aim at matching the overall volume of flow, the spread of flows
(e.g. low duration curve), and the timing and shape of {for exam-
ple) the hydrograph (Yilmaz et al,, 2008). It is clear, therefore, that
optimizing NSE is essentially a search for a balanced solution
among the three components, where with ‘optimal’ values of the
three components the overall NSE is maximized. This is similar
to the multiple-criteria approach of computing an overall
(weighted) objective function from several different criteria as dis-
cussed in “Introduction”.

However, in using NSE we must be concerned with two facts.
First, the bias (g, — p,) component appears in a normalized form,





Gupta, H. V., Sorooshian, S., and Yapo, P. O.: Toward improved calibration of hydrologic models:
Multiple and noncommensurable measures of information, Water Resources Research, 34, 751-763,
1998.

This means that when using the Nash or RMSE as a metric (or objective function in a model
calibration procedure), one accepts the combination and relative influence of these criteria as
suitable for one's purpose, without the possibility to assign other weights to the components.

Comment 8: Absence of formulae, measures like RMSE, NSE or MPTE should be more formally
defined, in terms of a simple mathematical formula. A short comprehensive mathematical
description will improve the readability of the paper.

Answer: This is true and we introduced equations 1 — 7 for RMSE, NSE etc.

Comment 9: Methods used in spectral data analysis could be useful (peak alignment in segments,
application of amplitude distance measures, averaging over the segments)

Answer: We included a discussion of both Fourier and Wavelet analysis in Sect. 2.1.3.

Comment 10: Presentation of the procedure is too informal: more precise formal description with
pseudo-code or mathematical definitions recommended.

Answer: This is true. We included pseudo-code of the various steps of the Series Distance procedure
in Appendix A and refer to it in the text (mainly in Sect. 3.1).





Comments by Referee #2

Comment 1: The method is presented in a very specific context of hydrological flow events and it is
not evident how to apply it in other contexts and in a more general setting of time series comparison.

Answer: The Series Distance is indeed only intended as a metric to quantify the similarity of two
hydrographs, not timeseries in general. The reason is that there is not even one ideal metric to
qguantify hydrograph distance, and much less there is one for time series in general. Please see also
our answers to Comments 4 and 5 of Referee #1.

Comment 2: Despite the attempt of the manuscript to objectify the approach, the method for
comparing time series of events is not formalized as such, being presented instead as a set of
empirical steps.

Answer: The goal of the Series Distance is to reproduce a hydrologist's visual/subjective way of
comparing hydrographs, and the set of empirical steps are the coded formulation of the way a
hydrologist looks at a hydrograph (event occurrence Yes/No, agreement in amplitude, agreement in
timing). Of course this is not the case for all hydrological applications, but for most that we know
from our practical experience in hydrological forecasting and simulation. We tried to give the Series
Distance the right degrees of freedom for customization (i.e. user specific weighting of the
components), which expands its range of applicability. However, unlike visual inspection, the
parameters chosen by the hydrologist can be explicitly stated with the result. This objectifies the
result by making it reproducible.

Comment 3: More formal description of the approach required

Answer: This is true. We included pseudo-code of the various steps of the Series Distance procedure
in Appendix A and refer to it in the text (mainly in Sect. 3.1).

Comment 4: Overview of existing approaches for comparison of nonstationary time series is missing,
including the abundant literature on dynamic time warping, pattern matching and time series
clustering

Answer: This is true, and we have substantially enlarged the paper to give adequate credit to time
series distance measures developed and used in other fields (see text marked green in Sect. 1.1, and
Sect. 2).

Comment 5: The identification of events is based on a fixed threshold. Is this stationary assumption
justifiable in practice / real data?

Answer: It is true that this approach of event delineation is crude and there are hydrologically more
justified ways of baseflow separation. We have stated this in the paper (Sect. 3.1, first bulletpoint).
However, from our experience identification of events with a fixed threshold produces acceptable
results as it is set individually for each gauge of interest. This of course requires that the hydrologist
examines the time series before setting the threshold. In our eyes, this is an advantage rather than a
disadvantage, as it forces the user to become familiar with the hydrograph at issue.

Comment 6: How sensitive is the approach to the degree of smoothing applied to the data? The
proposed approach involves attunement of matching events in order to have the same number of
peaks and troughs in the observed and simulated event. This means that when comparing a given
event with more than one modeled/simulated event one is not comparing exactly the same observed
event —since it will be “attuned” to each different simulation... are the results comparable, then?

Answer: This is a good point and an aspect of the method we want to improve in the near future.

Basically, the smoothing is a way to eliminate irrelevant fluctuations, possibly caused by
measurement errors (for observed hydrographs) or erroneous input data (for simulated





hydrographs). These should be removed by a suitable method, e.g. smoothing. The remaining
fluctuations, i.e. segments of rise and recession in events are considered relevant when evaluating
the similarity/dissimilarity of the two hydrographs. The current approach makes the two events
comparable by attunement of the segment numbers, but does not consider the degree of
attunement necessary to achieve this. In a way, this is comparable to the Frechet or DTW algorithm,
where the degree of stretching/compression is also not considered in the metric. Hence we propose
to count the number and magnitude of peak/trough removals necessary to achieve attunement and
to include this information of disagreement in the overall Series Distance metric. We have included
this suggestion in Sect. 5 (Summary and conclusions).

Further remarks

We also changed the title of the proposed paper to better reflect its contents

Yours sincerely,

Uwe Ehret and Erwin Zehe
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Abstract

Applying metrics to quantify the similarity or dissimilarity of hydrographs is a central task in
hydrological modelling, used both in model calibration and the evaluation of simulations or
forecasts. Motivated by the shortcomings of standard objective metrics such as the Root Mean
Square Error (RMSE) or the Mean Absolute Peak Time Error (MAPTE) and the advantages
of visual inspection as a powerful tool for simultaneous, case-specific and multi-criteria (yet
subjective) evaluation, we propose a new objective metric termed Series Distance, which is in
close accordance with visual evaluation. The Series Distance quantifies the similarity of two
hydrographs neither in a time-aggregated nor in a point-by-point manner, but on the scale of
hydrological events. It consists of three parts, namely a Threat Score which evaluates overall
agreement of event occurrence, and the overall distance of matching observed and simulated
events with respect to amplitude and timing. The novelty of the latter two is the way in which
matching point pairs on the observed and simulated hydrographs are identified: Not by
equality in time (as is the case with the RMSE), but by the same relative position in matching
segments (rise or recession) of the event, indicating the same underlying hydrological process.
Thus, amplitude and timing errors are calculated simultaneously but separately, from point
pairs that also match visually, considering complete events rather than only individual points
(as is the case with MAPTE). Relative weights can freely be assigned to each component of
the Series Distance, which allows (subjective) customization of the metric to various fields of
application, but in a traceable way. Each of the three components of the Series Distance
components can be used in an aggregated or non-aggregated way, which makes the Series

Distance a suitable tool for differentiated, process-based model diagnostics.

After discussing the applicability of established time series metrics for hydrographs, we
present the Series Distance theory, discuss its properties and compare it to those of standard
metrics used in Hydrology, both at the example of simple, artificial hydrographs and an
ensemble of realistic forecasts. The results suggest that the Series Distance quantifies the
degree of similarity of two hydrographs in a way comparable to visual inspection, but in an

objective, reproducible way.

1 Introduction
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defence team was not satisfied with the forecasts: The peak water level was falsely predicted
above dike height, so many people were unnecessarily activated for sandbag piling. The
operator of a large retention basin claims that the event was not indicated in the long-term
forecasts, which would have been necessary for pre-event waterlevel drawdown. Further he
reports that during the event, the forecast of the flood rise was correct with respect to timing,
SO reservoir operation was started just in time. But, he continues, the recession was predicted

much too long, resulting in valuable reservoir volume kept free in vain.

This conversation is fictitious, but nonetheless realistic according to the author's experience in
operational hydrology. If we analyze it, several aspects stand out: First, the meeting took
place after and was focused on an event. Second, in the discussion the event was subdivided
into several segments and points of interest (rising limb, peak, recession), that were deemed
important enough for separate evaluation. Third, the discussion was mainly based on the
comparison of observed and forecasted hydrographs, not e.g. observed groundwater levels.
Fourth, the different users focused on completely different aspects of performance such as
long-term event prediction, peak water level, timing etc. and used different metrics for
evaluation (event occurrence Yes/No, visual comparison of hydrograph shape, water level

exceedence Yeas/No etc.).

These points, based on an example from hydrological forecasting also apply to hydrological
modeling and the evaluation of hydrological model performance in a more general sense: Be
it for parameter estimation during model calibration, model validation, classification of
hydrological systems or identification of scales at which to separate explicit and implicit
representations of structures and processes: metrics, measures and objective functions
(including subjective visual inspection) are applied in all disciplines of Hydrology. The data
used for evaluation may vary with the purpose of the model, however in practice hydrographs
from gauge observations are the most widely used: They are relatively easy to obtain and still
the most meaningful and relevant expression of integral hydrological behaviour on catchment
scale. Also, historically hydrological modelling was mainly focused on analysis and
reproduction of observed discharge timeseries at the catchment scale. Hence the repertoire of

metrics in Hydrology was, and to a declining degree still is, mainly related to hydrographs.

Hydrographs possess properties that make them (from a hydrological point of view) a
particular subset of time series in general. These properties are worth being considered when





