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Authors’ reply to Editor and Referees “Heterogeneity measures in 
hydrological frequency analysis: review and new developments” by 
A. I. Requena et al. 
 

A) Authors’ reply to Editor Dr. Stacey Archfield 

Editor Decision: Reconsider after major revisions  

COMMENTS TO THE AUTHOR: 

1. This manuscript received three constructive reviews and, at this time, I instruct the authors 

to make their proposed changes to revise the manuscript. Given the feedback of the reviews and 

the required changes, the manuscript will be sent back out for review once the revisions are 

made. Final acceptance is not guaranteed.  

Reply: The authors thank the editor for managing the present manuscript, as well as for her 

constructive comments. The revised version of the manuscript where the changes described in 

the present document are included has been submitted for its assessment. 

2. All reviewers noted that a lack of application to observed data detracted from the 

manuscript. In my reading of the manuscript, the comments, and the responses, I share in their 

comment. I appreciate the need to perform simulated experiments to evaluate the various 

heterogeneity measures and recognize that simulation experiments have been published alone in 

previous papers. However, with regional frequency analysis now having well-established and 

widely accepted practices, assessing the overall effect of any proposed change in the overall 

practice would provide an even stronger case for use of a different method in assessing 

heterogeneity.  

For this reason, I strongly encourage the authors to think about adding a section that applies the 

Gini Index to observed data. As the authors note in their reply, assessing heterogeneity is only 

one step in a multi-step process. Perhaps the authors' experience with regional flood frequency 

analysis has resulted in a readily available dataset for which the Gini Index could be applied and 
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contrasted with previously-computed heterogeneity metrics and, ultimately, regional flood 

frequency estimates to determine the overall effect the Gini Index has.  

Reply: The authors understand the point of the editor and referees. A new Sect. 6 entitled 

“Illustrative application” has been included in the revised manuscript. In such a section, the GI 

and commonly used criteria are applied on a real case study for didactical purposes, and 

discussion about the obtained results is provided. Please, see Authors’ reply to Specific 

Comment 8 of Referee#2 and new Sect. 6 in the revised manuscript. 
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B) Authors’ reply to Referee #1 C. Rojas-Serna  

It’s a good idea to determine the homogeneous zones from the identification of the heterogeneity 

between both, nevertheless, the amount of data used in this work is poor. This has consequences 

in the discussion of results because is not clear which is the hydrological variable that determines 

the heterogeneity. My comment is focused in the data used in this work: There is not a section 

where data used to apply the methodology are presented. This limits the understanding of the 

heterogeneity in hydrology. It is unclear whether this is a watershed or region where the variable 

n is gauging stations. Or maybe n may be the number of meteorological stations. In that case the 

heterogeneity would be defined by climatic characteristics. I suggest include a section where the 

study area and the hydrological variable that is considered to define heterogeneity will be 

presented. So also describe the importance of data in the discussion of the results. 

Reply: The authors thank the reviewer for the time spent in this revision as well as for her 

comments. The present study is based on synthetic regions that are simulated by a Monte Carlo 

procedure. The definition of these regions was presented in the second paragraph of Sect. 2 

“Assessment of a heterogeneity measure” of the original manuscript. First, the authors agree with 

the reviewer that this can be more clearly highlighted as a new Sect. 2.1 “Synthetic regions”, 

which has been included in the revised version of the manuscript. In addition, the following 

words marked between hyphens have also been added to the text: “The procedure is based on 

synthetic regions generated through Monte Carlo simulations from a representative – flood – 

parent distribution […].” (page 4 line 21 of the revised manuscript); “A region is defined by its 

number of – gauging – sites (N), at-site data length (n), […]” (page 4 line 22 of the revised 

manuscript). 

Since the regions are simulated, the amount of available flood data is very large and the regions 

present a variety of situations. This can be seen for instance by looking at Figs. 1, 2 and 3. A 

large amount of simulated data is essential to perform the proposed assessment procedure 

through which the potential heterogeneity measures are evaluated according to different factors 

and criteria. 
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Finally, the authors think that it is important to highlight the purpose of this study. The 

heterogeneity measure identified by the four-step assessment procedure proposed in this study 

will be used for quantifying the degree of heterogeneity of a given region. This is a part of a 

whole regional frequency analysis in which a given region would have been previously defined 

by using climatic, hydrologic and/or physiographic descriptors, a given delineation method, etc 

(e.g. see new Sect. 6 “Illustrative application” in the revised manuscript). The heterogeneity 

measure will be then applied on the flood data of the given defined region to quantify its degree 

of regional heterogeneity, in an analogous way to when homogeneity tests are applied. Note that 

the heterogeneity of a given region in this study, as well as in the literature, is based on 

differences in any feature of the at-site frequency distribution among sites (e.g. Hosking and 

Wallis, 1997), where the L-variation coefficient may be considered as representative of them 

(e.g. Viglione, 2010). This is the reason of the use of simulated flood data in this study. This 

information can be found over the manuscript (Sect. 1, 2 and 5).    

The use of simulated data in the assessment of new techniques in regional frequency analysis is a 

very well established approach and it has been used in a number of publications (for instance 

Hosking and Wallis, 1997; Seidou et al., 2006; Chebana and Ouarda, 2007). In fact, this is the 

only way to deal with issues related to data quality. These issues were rightfully raised by the 

reviewer. In this regard, the aforementioned explanation has been added at the end of new Sect. 

2.1: “It is important to highlight that the use of simulated data in the assessment of new 

techniques in regional frequency analysis is a very well established approach and it has been 

used in a number of publications (e.g. Hosking and Wallis, 1997; Seidou et al., 2006; Chebana 

and Ouarda, 2007). Indeed, this is the only way to deal with issues related to data quality”.  

If observed data is used, we will be faced with issues related to the size of the record, sampling 

uncertainty, ignorance of parent distribution, ignorance of the true nature of the link between 

physiographical-meteorological variables and hydrological ones, etc. The authors agree that this 

element needed to be more clearly presented in the manuscript. Please, see the illustrative 

application on a real case study that has been added for didactical purposes as a new Sect. 6, 

where discussion is also shown. The authors wish to thank the reviewer for having pointed out 

this element.  
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C) Authors’ reply to Anonymous Referee #2 

GENERAL COMMENTS 

I really enjoyed reading this paper. I appreciate the efforts taken by the authors in contributing 

to the field of Regional Frequency analysis (RFA) by proposing a new index to assess 

heterogeneity of a region. There is clarity in describing the assumptions/drawbacks associated 

with the existing heterogeneity measures. Also, it is nicely stated why there is a need for new 

heterogeneity measures in RFA. The criteria that are defined to compare various heterogeneity 

measures with a new measure look adequate. 

Reply: The authors thank the reviewer for the thorough revision as well as for the constructive 

comments provided.  

SPECIFIC COMMENTS 

1. In the introduction section, literature review regarding regional hydrological frequency 

analysis is not complete. 

Reply: The literature review on regional hydrological frequency analysis included in the 

introduction of this study is not intended to be exhaustive. Its aim is to provide a general idea of 

the diversity of tools and methods existing for performing regional hydrological frequency 

analysis, with the aim of underlining the need for heterogeneity measures for the evaluation of 

the corresponding regional heterogeneity. In order to guide the reader in the search of additional 

references, “see Ali et al., 2012” has been changed to “see Ali et al., 2012 and references herein” 

(page 2 line 7 of the revised manuscript). Also, the sentence “For further references on regional 

flood frequency analysis, please see Ouarda (2013), Salinas et al. (2013) and references herein” 

has been added to page 2 lines 11-12 of the revised manuscript. 

2. Page 3, Line 32, “… focused on the delineation step”. What do you mean by “..focussed 

on delineation step”? How Gini Index (proposed in this paper) account for the delineation step? 
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Reply: The authors apologise for the lack of clarity. The intention was to highlight that the use of 

a heterogeneity measure will allow direct comparison of the heterogeneity of regions delineated 

by different methods. Please, see Authors’ Reply to Specific Comment 6 for additional 

explanations about the use of the Gini Index for comparing the heterogeneity of regions 

delineated by different delineation methods. For clarity, “[…] and focused on the delineation 

step” has been replaced by the aforementioned explanation “Furthermore, the use of a 

heterogeneity measure should allow direct comparison of the heterogeneity of regions delineated 

by different methods” (page 3 lines 33-34 of the revised manuscript).  

3. Page 4, line 28-29; what is the reason behind considering a linear relationship for L-CV 

and why gamma/2 was used? 

Reply: This linear relation and the use of gamma/2 is a common and plausible way of simulating 

a varying at-site L-CV over a region. It has been used in other studies, such as Hosking and 

Wallis (1997) and Wright et al. (2015). In this regard, the following sentence has been added to 

page 5 lines 2-4 of the revised manuscript: “Note that this relation is commonly used in other 

studies (e.g. Hosking and Wallis, 1997; Wright et al., 2015) as a plausible way of simulating 

varying conditions over a region”. 

4. Page 10, line 25-26; Gini index considered in this study is a function L-CV . Can GI be 

expressed in terms of L-skewness coefficient on the similar line as it was expressed in terms of 

L-CV? If yes, then will there be any change in the overall results from this study? I am asking 

this question because L-skewness would be more uncertain for observed data (due to 

involvement of higher (third) moment) which can influence the heterogeneity measure H2 or V2 

(e.g variation in (V2) H2 heterogeneity measure would be more as compared to (V1) H1 

heterogeneity measure; even visible in Figures 1, 2 and 3). As the indices are compared based on 

hypothetical regions (using Monte Carlo simulation), the effect on L-skewness coefficient may 

not be noticeable. But in practice, there can be uncertainty associated with the estimation of L-

skewness coefficient. 

Reply: The GI has been expressed in terms of the L-CV due to the fact that the L-CV has been 

recognised as a good surrogate of the difference between at-site flood distributions. It also has a 
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physical meaning, as it is related to the slope of the frequency curve. In theory, the GI could be 

expressed in terms of the L-skewness as well. However, as mentioned by the reviewer, the use of 

the L-skewness would imply high uncertainty when applying it to real data. Note that the length 

of observed data is usually short to obtain an appropriate estimation of the L-skewness in 

practice, making the use of a lower L-moment such as the L-CV preferable. Also note that when 

traditionally assessing the homogeneity of a region, the use of the H1 statistic (only based on L-

CV) has been generally recognised as more powerful than others such as H2 (based on L-CV and 

on L-skewness), and that to our knowledge, statistics only based on L-skewness are not usually 

considered.  

5. What is the range GI index? 

Reply: This can be found in Sect. 3.3, after Eq. (10): “Theoretically, GI ranges from zero to one. 

The former is obtained when all the �� values are equal, and the latter is given when all but one 

value equals zero (in an infinite population)”. 

6. Page 16, line 3-10 describes use of GI in assessing the delineation methods. The 

methodology discussed is not clear. Different delineation methods have different criteria to select 

the optimal delineation/regionalization solution (e.g. AIC or BIC, Davies- Bouldin index in the 

case of hard clustering algorithms, Xie-Beni in the case of fuzzy clustering algorithm). Are you 

trying to say that we can rank the delineation methods based on GI index value to arrive at best 

delineation method for regionalization which then can be used to perform regional frequency 

analysis? If yes, then I think this kind of approach is even possible with any other Index (e.g., 

H1, H2). Authors have mentioned on Page 3, line 32 that the proposed index (e.g., GI) can 

alleviate the drawback associated with delineation method as compared to the conventional 

heterogeneity indices (H1, H2 etc). 

Reply: The authors apologise for the lack of clarity. The GI is intended to be used in assessing 

delineation methods by comparing the heterogeneity of the regions already identified as the “best 

regions” by each delineation method. For instance, each one of two different delineation methods 

(methodA and methodB) delineates two different sub-regions (sub-regionA1 and sub-regionA2; 

sub-regionB1 and sub-regionB2). The GI will then be applied on the at-site L-CV obtained from 



9 

 

the flood data of each sub-region (GIA1, GIA2, GIB1, GIB2); and the GI for each delineation 

method will be obtained as the GI average of the corresponding sub-regions (GIA, GIB). Then, 

the best delineation method will be the one with the smallest GI (i.e., min(GIA,GIB)), as it 

obtains the less heterogeneous sub-regions. This is clearly shown in new Sect. 6 “Illustrative 

application”. For guiding the reader in this regard, the sentence “(see Sect. 6 for an illustrative 

application)” has been included in Discussion (page 16 line 26 of the revised manuscript). Note 

that the GI is identified as the best measure for ranking regional heterogeneity in this study, as it 

is the one with the best behaviour over the four steps of the assessment procedure.  

Regarding the comment of the reviewer concerning the text in page 3 line 32 of the original 

manuscript, the authors also apologise for the lack of clarity. Such a drawback was not related to 

conventional heterogeneity indices, but to procedures that imply the need of performing 

additional steps in the regional analysis for comparing delineations methods. Please, see Author’ 

Reply to Specific Comment 2 for further explanations.  

7. In Figure 7, impact of heterogeneity due to addition of discordant sites to homogeneous 

regions is presented. A similar observation can be concluded from Figures 1 where the indices 

are assessed with increase in the heterogeneity percent (gamma value). In the case of Figure 1, 

mean of conventional heterogeneity measures (H1, H2, AD) tend to diverge with increase in the 

degree of heterogeneity while in Figure 7, Heterogeneity measures tend to converge (coming 

close) with increase in the number of discordant sites (i.e. increase in the degree of 

heterogeneity). Kindly clarify this point. However, in the case of GI, in both figures1 and 7, 

convergence is visible. Why is this happening? 

Reply: It is important to highlight that, although both graphics have in common an increase in 

the regional heterogeneity, their characteristics and displayed information are different. In the 

case of Fig. 1, heterogeneous regions with increasing heterogeneity (from 0% to 100%) are 

generated by considering two different regional L-CVs and their heterogeneity values are 

compared. As a result, measures such as H1 and H2 “diverge” with increasing heterogeneity, as 

these measures are not originally thought to compare several (heterogeneous) regions. In the case 

of Fig. 7 the situation is different. A given homogeneous region is considered, and 

“homogenous” sites are exchanged by “discordant” sites. Hence, in this case, progressive 

changes in the heterogeneity of a given region are assessed (not between different regions). As a 
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result, the heterogeneity of the region is more difficult to be ranked for all measures when there 

is an increase in the number of discordant sites and in the difference between L-CVs (of 

homogeneous region and discordant sites). For clarity, the following sentence has been added 

after the existing description of Fig. 7 to the first paragraph in Sect. 4.4: “Note that unlike Fig. 1, 

where the heterogeneity value of two kinds of regions with the same degree of heterogeneity but 

different regional L-CV may be compared; in Fig. 7 progressive changes in the heterogeneity of 

a single homogeneous region are assessed.” 

8. The results obtained from the Monte Carlo simulation study are encouraging. Only thing 

missing from the paper is to perform analysis using observed data which would help to 

strengthen the conclusions drawn from the study. Analysis based on observed data would 

provide more clarity on the aforementioned concerns especially on Specific comment 4. 

Reply: The authors agree with the reviewer on the need to extend the present study to observed 

data. However, the authors believe that the present manuscript is itself a very dense paper, and 

such application would imply the delineation of homogenous regions for a given case study by 

using different delineation methods, which may be considered as a whole new study. The authors 

would also like to highlight that many studies over the literature compared measures by using 

simulations without including a real case study (e.g. Genest et al. 2009). Furthermore, in a real 

case study, the performance of the measures cannot be evaluated because of the absence of the 

reference heterogeneity value (unlike in simulations).  

Nevertheless, for didactical purposes and encouraged by the editor, the authors have decided to 

include an “illustrative application” as new Sect. 6. In such a section, the GI and commonly used 

criteria for assessing the performance of delineation methods are applied on a real case study. As 

illustration, simple clustering settings are used for delineating the regions and discussion about 

results is provided. Please, see new Sect. 6 in the revised manuscript.  

In this regard, the following sentences have also been added to the revised manuscript. Sentence 

added to the last paragraph of Conclusions: “In this study, an illustrative application is also 

included for didactical purposes. The subjectivity related to commonly used criteria in assessing 

the performance of different delineation methods is underlined through it. In this regard, further 

research may also focus on the application of heterogeneity measures to a variety of case studies 
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in order to analyse practical aspects”. Sentence added at the end of the abstract: “An illustrative 

application is also presented for didactical purposes, through which the subjectivity of commonly 

used criteria in assessing the performance of different delineation methods is underlined”. 

Regarding Specific Comment 4, please see the corresponding Authors’ Reply to that point. 

TECHNICAL CORRECTIONS 

1. First line of Abstract reads “Regional frequency analysis is needed to estimate hydrological 

quantiles at ungauged sites or to improve estimates at sites with short record lengths, by 

transferring information from gauged sites.” I think the regional transfer of information is 

possible with hydrologically similar sites only. Hence, “…hydrologically similar gauged sites” 

instead of “… gauged sites” looks more appropriate. 

Reply: The suggestion of the reviewer has been taken into account when moving the 

aforementioned sentence from the abstract to the Introduction as suggested by Referee#3: “[…]. 

This is done by transferring information from hydrologically similar gauged sites” (page 1 line 

27 of the revised manuscript). The authors thank the reviewer for this comment.  

References: 
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Salinas, J., Laaha, G., Rogger, M., Parajka, J., Viglione, A., Sivapalan, M., et al.: Comparative 

assessment of predictions in ungauged basins–Part 2: Flood and low flow studies, Hydrology 

and Earth System Sciences, 17, 2637-2652, 2013. 

Wright, M.J., Houck, M.H. and Ferreira, C.M.: Discriminatory Power of Heterogeneity Statistics 

with Respect to Error of Precipitation Quantile Estimation, J. Hydrol. Eng., 04015011, 2015. 
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D) Authors’ reply to Anonymous Referee #3 

The manuscript titled ’Heterogeneity measures in hydrological studies: review and new 

developments’ presents a summary of the state current state of Regional Hydrologic Frequency 

Analysis (RHFA). Generally, I found the manuscript to be a very interesting and information 

dense product that I enjoyed reading. However, I think that there are missing components that 

limited my understanding of the implications of this study. This manuscript has a lot of ground to 

cover to get to it’s results, and I encourage the authors to include key information and reorganize 

some of the sections as per my general comments below. 

Reply: The authors thank the reviewer for the thorough revision of the manuscript as well as for 

the constructive comments provided. The authors tried to address all the comments raised by the 

reviewer. Please, see the reply to general comments below. 

1. I was not able to find the data source in which the study was applied. It seems as though 

the data might be synthetic and generated as a hypothetical, but that is not clear. Please include at 

lease a small section specifically about how the data was used (if measured from real data) or 

synthesized (if it was generated by the authors). Please include this data, or summary of data, 

either in the manuscript itself or as supplemental material. 

Reply: The present study is based on synthetic data, as it was briefly described in the second 

paragraph of Sect. 2 “Assessment of a heterogeneity measure” of the original manuscript. In this 

regard, the authors agree with the reviewer about the need of including a specific section 

“Synthetic regions”, to better underline this; which has been carried out in the revised manuscript 

through new Sect. 2.1. Also, for clarity reasons, “simulation-based” has been added to an 

existing sentence in Conclusions (page 18 line 27 of the revised manuscript): “In the present 

paper, a simulation-based general framework is presented […]” The authors understand the 

suggestion of the reviewer about including the synthetic data used or a summary of them. 

Nevertheless, the amount of data used in this study is very large and their characteristics change 

depending on the step of the methodology applied for their assessment. The description of the 

general way in which the regions are generated is included in new Sect. 2.1. The authors believe 

that this information together with the current description of the specific values considered for 
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generating the regions of study in each step of the methodology may be considered as enough for 

understanding the data used. The authors would like to note that many simulation studies present 

their results in a similar way (e.g. Viglione et al. 2007; Wright et al. 2015).  

2. The Gini Index is a very popular index to determine economic equality as the authors 

mention, but there should be additional descriptions about why the Gini Index was applied in the 

way that it was. Many of the other methods have been used in the past and are presented as 

benchmarks. However, the Gini Index is fairly new in hydrologic studies, and extra explanation 

of implementation should be added. 

Reply: The authors agree with the reviewer. The Gini Index has not been directly applied to 

hydrology. However, as mentioned in Sect. 3.3, it is connected with the well-known L-moments 

which do. Indeed, the Gini Index corrected for short samples corresponds to the sample L-CV. 

Then, the Gini Index applied on the at-site L-CV in a region provides a value of the dispersion of 

the at-site L-CV in such a region, and hence it can be seen as a measure of its heterogeneity. 

Please, see Sect. 3.3 for changes included in the revised manuscript in this regard.  

3. I would consider changing the title to the manuscript to something more reflective of the 

end goals of the paper. While a review of past heterogeneity measures is vital to introducing new 

methods, I am confused as to why " in hydrologic studies" is used. The connotation seems to be 

that you are applying new methods to the results of past studies, which is not the case. Consider 

"New developments of heterogeneity measures for synthetic distributions of extreme hydrologic 

events." 

Reply: The authors thank the reviewer for pointing this out and agree that the use of “in 

hydrologic studies” may be confusing. They also thank the reviewer for the new title suggestion. 

In this regard, the authors prefer not to use “synthetic distributions” in the title to avoid 

misunderstandings. Note that in this study the heterogeneity measures are assessed by using 

simulated data, but they will be applied on real data in practice (as in new Sect. 6 “Illustrative 

application” in the revised manuscript). The synthetic data simulate real hydrologic conditions 

and in no way restrict the scope of the analysis. The title of the paper has been changed from 

“Heterogeneity measures in hydrological studies: review and new developments” to 
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“Heterogeneity measures in hydrological frequency analysis: review and new developments”, 

based on the reviewer suggestion. The authors wish again to thank the reviewer for his important 

input concerning the title of the paper.  

4. Specific comments: Line 8 Page 1 - I found the first sentence "Regional frequency 

analysis is needed to..." to be misleading. While this statement is certainly true, I did not find this 

to be a major part of this study. This statement should be in the introduction as background 

instead. 

Reply: The authors agree with the reviewer. The sentence has been removed from the abstract; 

and for clarity, the words marked between hyphens have been added to the sentence “Some 

regional procedures - to estimate hydrological quantiles at ungauged sites - , such as the index-

flood method, […]” (page 1 line 8 of the revised manuscript). Moreover, the sentence removed 

from the abstract has been adapted to the introduction as follows “[…]. This is done by 

transferring information from hydrologically similar gauged sites.” (page 1 line 27 of the revised 

manuscript).  

References: 
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Abstract: Some regional procedures to estimate hydrological quantiles at ungauged sites, such as the index-flood method, 

require the delineation of homogeneous regions as a basic step for their application. The homogeneity of these delineated 

regions is usually tested providing a yes/no decision. However, complementary measures that are able to quantify the degree 10 

of heterogeneity of a region are needed to compare regions, evaluate the impact of particular sites and rank the performance 

of different delineating methods. Well-known existing heterogeneity measures are not well-defined for ranking regions, as 

they entail drawbacks such as assuming a given probability distribution, providing negative values and being affected by the 

region size. Therefore, a framework for defining and assessing desirable properties of a heterogeneity measure in the 

regional hydrological context is needed. In the present study, such a framework is proposed through a four-step procedure 15 

based on Monte Carlo simulations. Several heterogeneity measures, some of which commonly known, others derived from 

recent approaches or adapted from other fields are presented and developed to be assessed. The assumption-free Gini Index 

applied on the at-site L-variation coefficient (L-CV) over a region led to the best results. The measure of the percentage of 

sites for which the regional L-CV is outside the confidence interval of the at-site L-CV is also found to be relevant, as it 

leads to more stable results regardless of the regional L-CV value. An illustrative application is also presented for didactical 20 

purposes, through which the subjectivity of commonly used criteria in assessing the performance of different delineation 

methods is underlined. 

Keywords: hydrology; regional analysis; ungauged site estimate; heterogeneity degree; L-variation coefficient; Gini Index. 

1 Introduction 

Regional hydrological frequency analysis (RHFA) is needed to estimate extreme hydrological events when no hydrological 25 

data are available at a target site or to improve at-site estimates especially for short data records (e.g. Burn and Goel, 2000; 

Requena et al., 2016). This is done by transferring information from hydrologically similar gauged sites. Delineation of 

homogeneous regions is a basic step for the application of a number of regional procedures such as the well-known index-

flood method (Dalrymple, 1960; Chebana and Ouarda, 2009). Such a method employs information from sites within a given 

homogeneous region to estimate required quantiles at a given target site. The heterogeneity concept has been considered in a 30 
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number of fields, including ecology, geology and information sciences (e.g. Li and Reynolds, 1995; Mays et al., 2002; Wu et 

al., 2008). However, the present paper focuses on the heterogeneity concept in hydrology derived from ‘regional 

homogeneity’. In this regard, regional homogeneity is often defined as the condition that floods at all the sites in a region 

have the same probability distribution except for a scale factor (e.g. Cunnane, 1988).  

In order to delineate homogeneous regions, numerous studies have proposed and compared similarity measures entailing 5 

climatic (e.g. mean annual rainfall), hydrologic (e.g. mean daily flow), physiographic (e.g. drainage area) and combined 

descriptors (see Ali et al., 2012 and references herein) to be used as input to statistical tools for grouping sites. The selection 

of these descriptors is carried out by stepwise regression, principal components or canonical correlation, among others (e.g. 

Brath et al., 2001; Ouarda et al., 2001; Ilorme and Griffis, 2013). Known statistical tools, such as cluster analysis, or new 

approaches, such as the affinity propagation algorithm, are considered to form homogeneous regions based on the previously 10 

identified similarity measures (e.g. Burn, 1989; Ouarda and Shu, 2009; Ali et al., 2012; Wazneh et al., 2015). For further 

references on regional flood frequency analysis, please see Ouarda (2013), Salinas et al. (2013) and references herein. 

Moreover, many tests have been introduced and compared throughout the literature to decide whether a given delineated 

region can be considered as homogenous (e.g. Dalrymple, 1960; Wiltshire, 1986; Scholz and Stephens, 1987; Chowdhury et 

al., 1991; Fill and Stedinger, 1995; Viglione et al., 2007). The homogeneity test proposed by Hosking and Wallis (1993) is 15 

usually utilised. In this test the statistic H is related to the variability of the at-site L-variation coefficient (L-CV) over a 

region (e.g. Alila, 1999; Burn and Goel, 2000; Castellarin et al., 2001; Shu and Burn, 2004; Smith et al., 2015).  

In practice, apart from determining if a region can be considered as homogeneous by making a yes/no binary decision (e.g. 

Warner, 2008) generally based on a significance test, the quantification of the degree of heterogeneity is also necessary. 

Heterogeneity measures are required for such a task. Two approaches can be considered in this regard: (i) the use of 20 

heterogeneity measures for determining the effect of the departure from the homogeneous region assumption on the quantile 

estimate; and (ii) the use of heterogeneity measures for ranking regions according to their degree of heterogeneity. Regarding 

the former, quantifying the degree of heterogeneity provides a notion of the inaccuracy incurred through the estimation of 

quantiles by a regional method, for which homogeneous regions are assumed but a ‘non-perfect’ homogeneous region is 

used. This approach has already been studied, being closely related to the homogeneity test notion (e.g. Hosking and Wallis, 25 

1997; Wright et al., 2014), which is further explained below.  

The second approach corresponds to the focus of the present paper. Through this second approach, different regional 

delineation methods can be properly compared to identify the best one. This will be the method delineating the ‘most 

homogeneous region’. Also, heterogeneity measures can be helpful in ranking potential homogeneous regions formed by 

removing discordant sites. By analogy with distribution selection (e.g. Laio et al., 2009), the concept of heterogeneity 30 

measure considered here plays the role of a ‘model selection criterion’, such as the Akaike Information Criterion (Akaike , 

1973); whereas the homogeneity test plays the role of a ‘goodness-of-fit test’. The former ranks delineated regions by 

providing unambiguous results to identify the best one in terms of heterogeneity; whereas the latter indicates if the given 

region can be considered as homogeneous or not.  



3 

 

In relation to the use of heterogeneity measures as a proxy for quantile error (approach (i)), the test statistic H is indeed 

considered by Hosking and Wallis (1993) as a heterogeneity measure for which given thresholds are established. These 

thresholds are obtained as a trade-off between quantile error due to regional heterogeneity and gain obtained by considering 

the whole regional information instead of that of a sub-region or at-site data. Therefore, instead of providing a binary 

decision based on a given significance level (α), e.g. reject the region as homogenous when H > 1.64 for α = 5%; as a more 5 

general guideline the region is considered as ‘acceptably homogeneous’ if 1H , ‘possibly heterogeneous’ if 21  H  

or ‘definitely heterogeneous’ if 2H . Recently, Wright et al. (2015) compared the performance of five statistics in this 

regard: the three L-moment-based statistics of Hosking and Wallis (1993) and two non-parametric statistics, the Anderson-

Darling and the Durbin-Knott test statistic.  

A number of studies have proposed and compared methods in which different combinations of similarity measures and/or 10 

statistical tools are considered for delineating regions (references below). As a consequence of the non-availability of a well-

justified heterogeneity measure for comparison purposes (approach (ii)), studies usually consider measures based either on H 

or on errors from the quantile estimate step. Shu and Burn (2004) utilised the percentage of (initially) homogeneous regions 

and the mean of H over regions obtained by each considered method for distinguishing the best one. Farsadnia et al. (2014) 

identified the best grouping method among those analysed as that leading to the lowest number of ‘possibly homogeneous’ 15 

and ‘heterogeneous’ regions according to H.  Ilorme and Griffis (2013) used an H weighted average regarding the data 

length of each region to compare regions obtained by removing discordant sites based on different criteria.  

However, H is not well-defined for ranking regions according to their heterogeneity degree, as it possesses several 

drawbacks. First, it is originally built as a significance test. Thus, its value depends on specific assumptions that may not be 

fulfilled in practice, such as assuming a regional kappa distribution that even though flexible may not characterise the data. 20 

Second, it may entail negative values for particular situations, which may distort results making difficult the suitable ranking 

of regions. Third, it is affected by the number of sites in the region, tending to obtain small heterogeneity values for small 

regions even if they are not homogeneous (Hosking and Wallis, 1997, page 66-67). This tends to complicate comparison 

among regions with different sizes. 

Instead of using measures based on H, other studies quantified the performance of different delineating methods by 25 

comparing quantile errors (e.g. Castellarin et al., 2001; Ouali et al., 2016). However, the latter approach implies performing 

the last step of a regional analysis (i.e. quantile estimation) when dealing with an initial step (i.e. region delineation); which 

involves additional calculations, uncertainty due to the assumption of a given parent distribution for the data and a non direct 

assessment of the delineation method. A different approach was recently proposed by Viglione (2010) and Das and Cunnane 

(2011) regarding the use of the confidence intervals for L-CV to assess heterogeneity, for which details are given in Sect. 3.  30 

Therefore, a general framework is needed to allow defining and assessing desirable properties of a heterogeneity measure in 

the regional hydrological context in order to properly identify a suitable measure. Such a measure should overcome the 

aforementioned drawbacks: it should be free of assumptions, positive and not affected by region size. Furthermore, the use 

of a heterogeneity measure should allow direct comparison of the heterogeneity of regions delineated by different methods. 
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Indeed, it should allow ranking the heterogeneity degree of several regions to identify ‘the most homogeneous region’ or to 

assess the effect of some sites on the ‘heterogeneity degree’ of the region. In the present paper, such a framework is 

proposed under an evaluation of the heterogeneity measures based on Monte Carlo simulations. Several measures extracted 

from literature in hydrology and other fields are presented and/or adapted to be assessed as well-justified heterogeneity 

measures. The present paper is organised as follows. The procedure for the assessment of a heterogeneity measure is 5 

presented in Sect. 2. The heterogeneity measures considered to be checked by the proposed procedure are introduced in Sect. 

3. Results of the assessment are illustrated in Sect. 4. Discussion of results is presented in Sect. 5. An illustrative application 

is shown in Sect. 6 and conclusions are summarised in Sect. 7.  

2 Assessment of a heterogeneity measure  

A simulation-based procedure consisting of four steps is proposed to study the behaviour of a given heterogeneity measure 10 

(generically denoted Z) regarding its desirable properties in the regional hydrological context. The steps of the procedure are: 

(i) sensitivity analyses of varying factors involved in the definition of a region; (ii) success rate in identifying the most 

heterogeneous region; (iii) evolution of the variability for the Z average with respect to the degree of regional heterogeneity; 

and (iv) effect of discordant sites. The first step is applied to all the considered heterogeneity measures (presented in Sect. 3), 

while the remaining steps are applied to those not entailing unacceptable results from the first step. Some elements of the 15 

procedure are inspired and adapted from studies where different aims were sought (e.g. Hosking and Wallis, 1997; Viglione 

et al., 2007; Chebana and Ouarda, 2007; Castellarin et al., 2008; Wright et al., 2015). 

2.1. Synthetic regions   

Before further describing the aforementioned steps and desirable properties, elements of the framework needed for 

performing the assessment procedure are presented. The procedure is based on synthetic regions generated through Monte 20 

Carlo simulations from a representative flood parent distribution commonly used in frequency analysis, the Generalised 

Extreme Value (GEV) distribution. A region is defined by its number of gauging sites (N), at-site data length (n), regional 

average L-CV (�), regional average L-skewness coefficient (�) and a unit regional sample mean. The heterogeneity of a 

given region may be due to differences in any feature of the at-site frequency distribution among sites. In particular the L-

CV, which is a dimensionless measure of the dispersion of the distribution that is also related to the slope of the associated 25 

flood frequency curve, has been considered as representative of such differences (e.g. Stedinger and Lu, 1995; Viglione, 

2010). In the present study, heterogeneous regions are simulated using the heterogeneity rate , defined as  = max� �� −min� �� /�� (e.g. Hosking and Wallis, 1997; Das and Cunnane, 2012)
.
, where � is the L-CV at site i with i = 1, …, N. 

Since in practice large values of the L-skewness coefficient ( ) are related to large values of the L-CV  (Hosking and 

Wallis, 1997, page 68), the same heterogeneity rate of  is considered for  . A region is defined as homogeneous for  = 0%, 30 

implying that �  and �  are the same for all the sites in the region (i.e. � = �  
and � = �). The heterogeneity of a given 
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region increases as  increases from 0% to 100%. This implies that i
 and �  vary linearly. We then have for the first site 

 = � − � �⁄  and for the last site  = � + � �⁄ . The same can be written for � . Note that this relation is commonly 

used in other studies (e.g. Hosking and Wallis, 1997; Wright et al., 2015) as a plausible way of simulating varying conditions 

over a region. 

Finally, a given region consists of at-site data generated from a GEV distribution with parameters obtained through at-site L-5 

moments. At-site data are standardised by their sample mean to frame them in the regional context (e.g. Bocchiola et al., 

2003; Requena et al., 2016). Note that heterogeneity measures directly based on L-moments lead to the same results for 

standardised or non-standardised data. A region with N = 15, n = 30, �  
= 0.2 and   � = 0.2 is considered as a reference for the 

simulation study. Hereafter, the value of   is (usually) omitted, as   is considered to have the same value as . The number 

of simulations NS of a given region is taken to be equal to 500, which is considered large enough to obtain robust results. 10 

These fixed values of the factors, as well as their varying values used below, are selected according to the literature and with 

the aim of providing a general view of the behaviour of the measures without excessively complicating the simulation study.  

It is important to highlight that the use of simulated data in the assessment of new techniques in regional frequency analysis 

is a very well established approach and it has been used in a number of publications (e.g. Hosking and Wallis, 1997; Seidou 

et al., 2006; Chebana and Ouarda, 2007). Indeed, this is the only way to deal with issues related to data quality.  15 

2.2. Sensitivity analyses   

The first step of the assessment of a heterogeneity measure Z is the analysis of the effect of varying factors involved in the 

definition of a region. This step is performed through sensitivity analysis to identify if the behaviour of Z is acceptable in 

relation to what is ideally expected from a heterogeneity measure.  

Effect of the heterogeneity rate: The degree of heterogeneity of a region is the aimed value to be quantified by Z. A 20 

surrogate of such a degree of regional heterogeneity is the heterogeneity rate , which is used to initially define the 

heterogeneity of the simulated region to be evaluated by Z. Hence, Z should increase with . This analysis is performed by 

obtaining Z for  = 0%, 10% ,…, 90%, 100% over NS = 500, keeping the remaining values of the reference region (i.e. N = 

15; n = 30; � = 0.2).  

Effect of the number of sites: The size of a region, represented by the number of sites N, is a relevant factor to the degree of 25 

its heterogeneity. A large N is required to properly estimate quantiles associated with high return periods, as more data are 

available; yet homogeneous regions are more difficult to obtain for large N due to more potential dissimilarities between 

sites (Ouarda et al., 2001; Chebana and Ouarda, 2007). Nevertheless, by definition Z should not be affected by N, as it 

should provide the same results for regions with a different size but the same degree of heterogeneity. Therefore, the smaller 

is the influence of N on Z the better Z is. This analysis is performed by obtaining Z for N = 5, 10, 15, 20, 25, 30, 40, 50, 60, 30 

70 over NS = 500, keeping the remaining values of the reference region (i.e. n = 30; � = 0.2). Two different values of the 
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heterogeneity rate ( = 0% and 50%) are also considered to identify if the behaviour of Z changes depending on the degree of 

heterogeneity. 

Effect of the regional average L-moment ratios: Z should ideally provide similar results for regions entailing the same 

degree of heterogeneity, regardless of the values of �  
and   � , in order to provide an appropriate comparison and ranking of 

the regions. For instance, two regions with sites generated from a different �  value but considering the same value  = 0% 5 

should entail similar Z values, as both are ‘perfectly’ homogeneous. However, such an output may not be easy to obtain due 

to the fact that �  is associated with a measure of dispersion. Thus, the smaller the influence of � and   �  on Z the better Z 

will be. This analysis is performed by comparing the results of � = 0.2, which is related to the reference region, with those 

obtained by � = 0.4. It is done by varying the heterogeneity rate  and by varying the number of sites N. Recall that   �  is 

considered to have the same value as � . 10 

Effect of the record length: The amount of available at-site information, represented by the data length n, is associated with 

the accuracy of the value of Z. The longer n is the better will be the information provided by each site to determine the 

regional degree of heterogeneity. Therefore, the analysis of the effect of n should be focused on identifying the minimum n 

required to obtain reliable values of Z. This analysis is performed by obtaining Z for n = 10, 20,…, 90, 100 over NS = 500, 

keeping the remaining values of the reference region (i.e. N = 15; � = 0.2). Two different values of the heterogeneity rate ( 15 

= 0% and 50%) are also considered to identify if the behaviour of Z changes depending on the degree of heterogeneity. 

2.3. Success rate 

The second step in the assessment of Z is the evaluation of its success rate (SR) for identifying the most heterogeneous 

region. Note that the SR notion is commonly used in a number of fields such as biology (e.g. Canaves et al., 2004). Without 

loss of generality, such an evaluation is performed on two regions A and B. For  A < B,  SR is defined as the ratio of the 20 

number of samples simulated from a given region A and a given region B, for which Z correctly identifies B as the most 

heterogeneous region, to the total number of simulated samples. Thus, the larger SR is the better Z will be. The aim is to 

verify the ability of Z to compare regions with different degrees of heterogeneity, when entailing or not different 

characteristics (i.e.,   ≠   or   =  , and NA ≠ NB or NA = NB). A large set of 48 cases is considered to obtain a wide 

view of the behaviour of Z, as combination of the following factor values: A = 0%, 30%, 50%, 70% with B = A+10%, 25 

A+20%, A+30%; NA = NB, NA ≠ NB (for N = 10, 25);  =  ,   ≠   (for � = 0.1, 0.2, 0.3, 0.4) over NS = 500, keeping 

the remaining values of the reference region (i.e. n = 30).  

2.4. Evolution of the variability for the Z average with respect to the degree of regional heterogeneity 

The third step of the assessment of Z is the analysis of the evolution of the variability of the average value of Z as a function 

of the degree of regional heterogeneity. The aim is to determine the capability of Z to accurately rank regions according to 30 

their degree of heterogeneity when it is summarised as an average of the Z values obtained for several (sub)regions that are 
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obtained by a given delineation method. This provides an assessment of its capability to compare results from several 

delineation methods. This is a twofold analysis. Firstly, a monotonic relation should exist between the average Z and the 

degree of heterogeneity, as explained in Sect. 2.2. Secondly, the variability of the average Z along such a monotonic relation 

should be small enough to not affect a proper ranking of the regions.  

We consider two regions A and B, without loss of generality. The idea is that (sub)regions delineated by a given method 5 

should theoretically entail different  � values (  ≠  ), having similar or different values of other characteristics (i.e. NA ≠ 

NB or NA = NB). In order to be able to evaluate the behaviour of the Z average, the same degree of heterogeneity is considered 

for both regions (A = B = ), as under this assumption Z values should be similar. The procedure is the following: NS = 500 

simulated regions A and B with A = B =  and given values NA,   and NB,   are generated, obtaining for each simulation 

the average of Z over the two regions. These averages are aggregated into their mean value over Ns as representative value. 10 

The representative value is obtained for 22 cases as a result of combining: NA = 10, 25; NB = 10, 25; and R
 = 0.1, 0.2, 0.3, 

0.4 with  ≠  , keeping the remaining values of the reference region (i.e. n = 30). Then, the variability of the set of 

representative values of the Z average is analysed through a boxplot for the given . The aforementioned procedure is 

performed for each  = 0%, 10%,…, 90%, 100%, obtaining a boxplot for each  value. For a given , Z is better as the 

variability of the corresponding set of representative values is smaller, since similar values of Z should be expected due to A 15 

= B. Then, Z is better as the interquantile range is shorter, where the interquantile range is the box of the boxplot. For 

varying , Z is better as it does not imply overlapping of the interquantile ranges for different  values, which leads to a more 

appropriate ranking of the regions. 

2.5. Effect of discordant sites 

The fourth step of the assessment of Z is the analysis of the effect of discordant sites in a region. The aim is to check the 20 

capability of Z to show a progressive variation of its value as a consequence of a progressive change in the degree of regional 

heterogeneity, induced here by replacing given ‘homogeneous’ sites by given ‘discordant’ sites in a region. Both the effect of 

the ‘nature’ of the discordant sites, characterised by the L-CV  � and L-skewness coefficient �  of their parent distribution, 

and the effect of the number of such discordant sites (k) are considered.  

The procedure is described below. Note that the values of the factors used in this section are selected to facilitate the 25 

graphical representation. Thus, a homogeneous region (i.e.  = 0%) with N  = 20,  �  = 0.25 and n = 30 is considered as the 

initial region. Then, k of its sites (with k = 1,…, N/2) are replaced by k discordant sites belonging to a parent distribution 

characterised by  �, with d = 0% within the group of discordant sites. The analysis is performed for  �= 0.1, 0.2, 0.25, 0.3, 

0.4. Remark that  � = 0.25 is considered for the homogeneous region so that the discordant sites are not ‘discordant’ at the 

midpoint of the range used for  � (i.e. at  � =  � = 0.25). The procedure is repeated for NS = 500 simulations of the initial 30 

homogeneous region, estimating a mean value of Z over Ns for each ( �, k) pair. For the region formed by ‘homogenous’ and 

‘discordant’ sites, named as mixed region, Z is expected to be larger for larger k values. Indeed, a larger number of 
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discordant sites in the region should increase the degree of regional heterogeneity. Also, Z is expected to be larger as the 

difference between  � and   �  gets larger, since the addition of sites with a ‘larger discordance’ should increase the degree of 

regional heterogeneity. On the other hand, for the sub-region formed by the sites belonging to the initial homogeneous 

region, Z is expected to keep the same values regardless of the value of k, which in this case is the number of initial sites 

removed. The degree of regional heterogeneity should be relatively constant in this case, since all the sites belong to the 5 

same initial homogeneous region. Note that a mixed region can be seen as a sort of bimodal region used in other studies (e.g. 

Chebana and Ouarda, 2007). 

3 Heterogeneity measures 

The aim of this section is to present and develop heterogeneity measures based on different approaches to be assessed by the 

procedure proposed in Sect. 2. Heterogeneity measures are selected as a result of a general and comprehensive literature 10 

review in a number of fields including hydrology. We can distinguish three types of measures: (a) known in RHFA; (b) 

derived from recent approaches in RHFA; and (c) used in other fields and adapted here to the regional hydrological context. 

Therefore, a total of eight measures are considered.  

3.1. Measures known in RHFA 

The first group consists of the well-known statistics H, V, H2 and V2 (Hosking, 2015), as well as the k-sample Anderson-15 

Darling (AD) statistic (Scholz and Stephens, 1987; Scholz and Zhu, 2015).  

Even though H is not properly defined as a heterogeneity measure for ranking the degree of heterogeneity of several regions 

(see Sect. 1), it is considered in this study because it is commonly adopted in regional analysis. As the aim of this study is to 

provide a general heterogeneity measure, its associated distribution-free statistic V is also considered. Specifically, V is a 

statistic of the dispersion of the sample L-CV t in a region, expressed as: 20 

� = √∑ � �� − ���= ∑ ��= , (1) 

with  

�� = ∑ ����=∑ ��= ,     (2) 

where �� is the sample L-CV at site i and �� is its associated regional average. H is a measure of the variability of t in the 

region compared with that expected for simulated homogeneous regions. It is built by normalising V by its mean �� and 

standard deviation ��: 
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= � − ���� ,        (3) 

where �� and ��  are obtained from NH = 500 simulated homogeneous regions with the same n and N as the given region, 

generated from a kappa distribution fitted to the regional average L-moment ratios. 

The extensions of V and H by considering not only t but also the sample L-skewness coefficient � , traditionally known as �  

and , are also included in this study. Their inclusion is motivated by recent results regarding the usefulness of H2 for 

testing homogeneity when considering different thresholds from those of H (Wright et al., 2014): 5 

� = ∑ �√ �� − �� + (�� − ��)�= ∑ ��= , (4) 

= � − ��2��2 , (5) 

where ��  is the sample L-skewness coefficient at site i and �� is its associated regional average. �� is defined analogous to �� 

in Eq. (2). In order to avoid results conditioned on the given value of  � � and ��, � and �  are standardised here by their 

regional values, defining �′ and �′
 respectively as: 

�′ = √∑ � (�� − ���� )�= ∑ ��=  
(6) 

�′ = ∑ �√(�� − ���� ) +  �� − �����= ∑ ��=  

(7) 

The AD statistic, which is a rank-based statistic based on comparing the at-site empirical distributions with the pooled 

empirical distribution of the data, is also included in this first group: 10 

� = ∑ ��= ∑ ( � − �)−−
= , (8) 

where = ∑ ��=  and �  is the number of observations in the i
th

 sample not greater than , where < <  is the 

pooled ordered sample of the data, which in the regional context entails considering the data of each site first divided by i ts 

corresponding mean and then ordered. The AD statistic has already been considered in several studies. Viglione et al. (2007) 

assessed its behaviour as a homogeneity test statistic, recommending its use when �� > 0.23. Wright et al. (2015) evaluated 

its performance as a heterogeneity measure regarding its ability to be a surrogate of the quantile error, yet obtaining a weak 15 

performance partially attributed to a possible influence of the procedure used for estimating errors.  
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3.2. Measures derived from recent approaches in RHFA 

The second group is represented by a measure derived from a relatively novel approach in which the confidence interval for 

the at-site L-CV �� (with i: 1,…N) is estimated and compared with ��. The focus is to evaluate how often the latter is 

included in such confidence intervals in order to assess if differences between �� and �� can be attributed to sample 5 

variability or to regional heterogeneity.  

Viglione (2010) proposed a procedure for obtaining the confidence interval for L-CV without considering a given parent 

distribution of the data, applying it to a didactic illustration for comparing several regional approaches. The procedure is 

summarised below: the variance of the sample L-CV t, var(t), is estimated according to Elamir and Seheult (2004) which is 

implemented in Viglione (2014); simple empirical corrections are applied on t and var(t) based on the values of �  and n; and 10 

the confidence interval for t is then obtained from a log-Student’s distribution considering corrected values of t and var(t). 

For instance, for a 90% confidence interval, a region is considered as heterogeneous if 100 – (P05 + P95)  90%, where P05 

(P95) is the percentage of sites for which � � is below (above) the confidence interval for ��. The larger (P05 + P95) is, the 

larger the regional heterogeneity will be. Das and Cunnane (2011) obtained such a confidence interval based on simulations 

from a GEV distribution, with the aim of evaluating if a usual method to select catchment descriptors for delineating regions 15 

in Ireland provided homogeneous regions. The number of sites for which � � is outside the �� confidence intervals is 

considered as a measure of heterogeneity, also expressed as a percentage of sites.  

In the present study, the heterogeneity measure considered regarding this approach is named as PCI and defined as the total 

percentage of sites in the region for which � � is outside the 90% confidence interval for � �. As the parent distribution of the 

data is unknown in practice, such a confidence interval is estimated following the aforementioned distribution-free approach.  20 

3.3. Measures used in other fields and adapted here to the regional hydrological context 

The last group consists of the Gini index (GI) (Gini, 1912; Ceriani and Verme, 2012), which is a measure of inequality of 

incomes in a population commonly used in economics; and of a measure based on the entropy-based Kullback-Leibler (KL) 

divergence (Kullback and Leibler, 1951), which estimates the distance between two probability distributions and is used for 

different purposes in a number of fields including hydrology (e.g. Weijs et al., 2010).  25 

The definition of the GI is usually given according to the Lorenz curve (Gastwirth, 1972), but it can be expressed in other 

ways. Specifically, the sample GI: = ∑ ∑ |�� − � |=�= � , (9) 

corrected for short sample sizes can be defined as (Glasser, 1962; Zeileis, 2014): 
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= ∑ − − ��:�= − � , (10) 

where ��:  are the sample order statistics and � is their mean. Theoretically, GI ranges from zero to one. The former is 

obtained when all the �� values are equal, and the latter is given when all but one value equals zero (in an infinite 

population). Note that although GI has not been directly applied to hydrology, it is connected with the well-known L-

moments which do. Both are based on sample order statistics. Indeed, = / � (for � > , where GMD is the Gini’s 

mean difference statistic (Yitzhaki and Schechtman, 2012); and = , where l2 is the second sample L-moment 5 

(Hosking and Wallis, 1997). Hence, GI corrected for short samples corresponds to the sample L-CV t (Hosking, 1990), 

which implies that if GI is applied on the flood observations at site i, the result is � �. Then, in order to adapt GI to the 

regional hydrological context, in this study GI is applied on � � over sites. This provides a value of the inequality or 

variability of the at-site L-CV � � in the region, and hence it can be seen as a measure of the heterogeneity of the region. 

Therefore, the measure considered in this study is �� , = , … , :  10 = ∑ − − ��:�= − �̅ , (11) 

where ��:  are the sample order statistics, �̅ is their mean, and the number of sites N corresponds to the data length of �. Note 

that �� , = , … ,  is equivalent to � �� , = , … , . Also, note that this is somehow analogous to the approach based 

on moments used in early studies (e.g. Stedinger and Lu, 1995), where the coefficient of variation ( � = � �⁄ ) of the 

coefficient of variation of the data (i.e. � �� , = , … , ) was used for building simulated regions; defining 

homogeneous regions for � �� =  and extremely heterogeneous regions for � �� ≥ .4.  15 

The KL divergence (so-called relative entropy) of the probability distribution P with respect to Q is defined as: || = ∫ � ln[ � / � ] �� (12) 

where p and q are the density functions. The expression related to the discrete case is the following (e.g. Hausser and 

Strimmer, 2009) || = ∑ ln ( ) (13) 

for which nonparametric versions of the probabilities P and Q may be considered, such as a kernel density function, in order 

to avoid subjectivity in selecting a given parametric probability distribution. �  can then be defined as the KL divergence 20 

of the probability distribution at site i with respect to the probability distribution at site j, where � ≠ � . The 

dissimilarity matrix of the region is obtained by computing the KL divergence between sites as:  

Deleted: as b

Deleted: I

Deleted: , providing25 

Deleted: measure

Deleted: ,

Deleted: ,



12 

 

=  …�…  (14) 

The degree of regional heterogeneity is then evaluated by ‖ ‖, which in this study is considered as the absolute column 

sum normalized norm: ‖ ‖ =  �� ∑ | � |�
 (15) 

4 Results 

Simulation results obtained by the application of the proposed assessment procedure (Sect. 2) to the considered 

heterogeneity measures (Sect. 3) are presented in this section. Note that a summary of the results obtained from each step is 5 

presented in Table 1.  

4.1. Sensitivity analyses   

Results of the effect of varying factors defining a region (Sect. 2.2) are presented through boxplots and mean values of the 

heterogeneity measure over Ns = 500 simulations of the corresponding region, in order to show complete information. 

Results for R 
= 0.2 refer to those related to the reference region. Figure 1 shows that all the considered measures show a 10 

good behaviour regarding the heterogeneity rate , as their values increase with . This dependence is less pronounced for  

and  �′, which are the measures that depend on both t and � ; and for AD and ‖ ‖, which are based on the whole 

information. 

The effect of N on the considered measures is shown for R 
= 0.2 when  = 0% (i.e. ‘perfect’ homogeneous regions) and  = 

50% in Figs. 2 and 3, respectively. In both cases, it is found that �′, �′, PCI and GI are not affected by N, although they show 15 

some departure from their constant Z mean value and a larger variability (i.e. larger box) when N ≤ 10. In this regard, Das 

and Cunnane (2012) also found an effect for N < 10 on quantile error measures (considering n = 35). In general this effect is 

less marked for GI when  = 0% (Fig. 2c,d) and for �′and �′ when  = 50% (Fig. 3a,b).  

It is also found that results for H, and to a lower degree for , change depending on the value of . Both measures behave 

correctly for   = 0% (Fig. 2a,b); yet they depend on N for  = 50% (Fig. 3a,b). This is likely due to the nature of H and  as 20 

homogeneity test statistics. Note that this undesirable effect increases as  increases (e.g. Fig. 4). ‖ ‖ does not behave 

correctly neither for  = 0% nor  = 50%, as it depends on N. The same holds for AD, for which such dependence is higher.  
The influence of varying regional average L-moments is shown by comparing the Z mean values for R 

= 0.4 with those 

previously obtained for R 
= 0.2. Z mean values varying  are displayed in Fig. 1b,d. In this regard, �′ and AD are shown not 

to be suitable, as results for R 
= 0.2 and R 

= 0.4 varying  are far from each other. H and  work worse for higher degrees 25 
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of regional heterogeneity than for smaller ones; whereas �′, GI and ‖ ‖ show the opposite behaviour with an overall 

better performance of �′ and GI. PCI presents a favorable similar behaviour for both small and high . Results for Z mean 

values varying N are displayed for  = 0% in Fig. 2b,d; and for  = 50% in Fig. 3b,d. In both cases �′ and AD present a 

similar bad behaviour to the one shown in Fig. 1b,d. A suitable behaviour is found for �′, PCI and GI for  = 50%, while a 

worse behaviour is found for H,  and ‖ ‖ (Fig. 3b,d). Such a behaviour of H,  and ‖ ‖ is also shown for  = 0% 5 

(Fig. 2b,d), for which the remaining measures also present similar bad results. In this regard, it is important to remark that no 

‘perfect’ homogeneous regions exist in reality (Stedinger and Lu, 1995). And that according to the practical threshold H < 2, 

commonly used for considering a region as homogeneous enough to perform a regional analysis, even regions with  = 50% 

may be taken as homogenous in practice (see values of H for  in Fig. 1a). Hence, for the purpose of the assessment of the 

regional heterogeneity degree, the behaviour of the measures for  = 50% is more relevant than for  = 0%. 10 

Finally, the effect of varying the record length n for  = 0% and  = 50% is shown in Fig. 5. Recall that it is expected that 

increasing n affects Z, as more information of the at-site distributions is available in such a case. In this regard, it is found 

that the measures H, , AD and PCI are not (or slightly) affected by n when  = 0%, but they highly increase their values as 

n increases when  = 50%. Whereas �′, �′, GI and ‖ ‖ are affected by n when  = 0%; becoming less affected when  = 

50%, by decreasing less their values as n increases. As a result, �′and GI are the only measures that become relatively stable 15 

for a given data length. Such a data length is around n = 30, which is a value usually considered in practice (e.g. Hosking 

and Wallis, 1997, page 134; Chebana and Ouarda, 2009). It can be mentioned that for a very small data length (n = 10), the 

approximation used in PCI for estimating var(t) was not reliable. Nevertheless, this issue is not relevant since such a data 

length is too short to be considered in practice, and such values do not affect the overall interpretation of the results.   

As a result of the aforementioned sensitivity analyses (see Table 1 for a summary), �′, PCI and GI are considered as 20 

potentially suitable heterogeneity measures. Thus, the following steps of the assessment procedure are only applied to these 

measures. Results of H are also included for comparison purposes. 

4.2. Success rate 

The ability of the measures to identify the most heterogeneous region between two regions A and B is shown via the success 

rate SR (Sect. 2.3). A summary of the results obtained for   =   and   ≠   (with A < B), when considering several 25 

values of N and  for each region is displayed in Table 2 to facilitate their interpretation. Note that each combination    vs. 

  corresponds to a total of 48 cases obtained by varying N and . Results for a small difference between  �  values, 

characterised by    = 0.2 ≠   = 0.3 and vice versa; and for a large difference, characterised by    = 0.1 ≠   = 0.4 and 

vice versa, are displayed as representative of the behaviour of the measures. Note that the summarised information reflects 

the main conclusions extracted from the partial results.  30 

The SR average is shown as a notion of the overall behaviour of the measures. Recall that the larger SR is, the better Z will 

be. When   =   the SR average of H, �′ and GI are comparable, with �′ and GI leading to the largest values; while PCI 
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leads to the lowest ones. When  <    the largest SR average is obtained for �′ and is very closely followed by GI. Yet, in 

this case H presents a worse behaviour, which is similar to that of PCI. When  >   the situation changes, with H leading 

to the largest values. Yet, the difference between the values obtained by �′ (or GI) and H is less marked than when  <  . 

Note that the larger the difference between   and   is, the larger the difference between the SR average of H and �′ (or GI) 

is; whereas the value of PCI remains almost constant. Therefore, although PCI does not obtain the greatest values in any case, 5 

it outperforms H or GI (and �′) when    or when   , respectively, i.e. for high differences between   and  . 

The best results for the total SR average are obtained by GI, followed by �′.  
The SR minimum and SR maximum are displayed as a notion of the variability of the SR results (Table 2). Results related to 

the SR minimum are analogous to those obtained by the SR average; giving H an overall worse behaviour. This highlights 

the low ability of H to identify the most heterogeneous region in certain circumstances. Note that the overall behaviour of H 10 

regarding SR is partially due to existing trends regarding N and  �. H obtains larger heterogeneity values as N increases and 

as  � decreases (as shown in Fig. 3b), entailing an ‘unfounded’ better behaviour when  >   and NA < NB, and vice versa. 

Also note that all measures have difficulties obtaining a large SR minimum when  >  . This includes H also, even though 

it obtained a good SR average in such a situation. This arises from the fact that, in such a case, the region with the lowest 

degree of heterogeneity (region A) is associated with a larger  � entailing a larger sample variability, and complicating its 15 

identification as the less heterogeneous region. SR maximum values show that even though the maximum difference between 

A and B considered in the analysis is 30%, all measures obtain (in certain circumstances) a SR equal or close to 100%. In 

summary, GI obtains the best results for the SR analysis followed by �′. 
4.3. Evolution of the variability of the Z average with respect to the degree of regional heterogeneity 

The variability of the heterogeneity measures as a function of the degree of regional heterogeneity, represented by , is 20 

shown in Fig. 6. The boxplot of the 22 representative (mean over Ns = 500) values of Z obtained from cases in which a given 

region A and a given region B with the same  but different characteristics are considered is shown for varying values of  in 

the x-axis (see Sect. 2.4). As expected from the results of Fig. 1, heterogeneity measures in Fig. 6 increase with , showing a 

monotonic positive dependence. Regarding their variability along such a monotonic relation, H presents a different 

behaviour from the rest of the measures. It shows a strong increasing variability as  increases. Then, in this case, H overlaps 25 

its interquantile ranges from  = 70% to 100%. This behaviour may imply an unappropriated ranking of the regions with 

these high values of the heterogeneity rate . Indeed, overlapped values cannot be considered significantly different, whereas 

they correspond to two different  values. Such behaviour is not seen for the other considered measures. In this regard, an 

overall favorable larger distance between interquantile ranges is found for �′, followed by PCI and then GI. However, the 

four considered measures present an overlapping for  = 0% and 10%. This may imply an unappropriated ranking of the 30 

regions related to these very small values of , yet those regions are less common in practice. In summary, �′ obtains the best 
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performance for the variability evolution analysis. It presents a small variability for a given  value; and it almost presents no 

overlapping between interquantile ranges for varying . 
4.4. Effect of discordant sites 

The effect of discordant sites (Sect. 2.5) is shown in Fig. 7. The mean values of the heterogeneity measures over Ns = 500 

are obtained when replacing k sites (with k = 1,…, 10) in an initially homogeneous region (with N = 20) by k discordant sites 5 

belonging to a given parent distribution defined by � . Note that unlike Fig. 1, where the heterogeneity value of two kinds of 

regions with the same degree of heterogeneity but different regional L-CV may be compared; in Fig. 7 progressive changes 

in the heterogeneity of a single homogeneous region are assessed. For the mixed region formed by sites from both  � and  �, 

the overall results confirm that the considered measures involve larger values of Z for larger k values, as a result of replacing 

a larger number of discordant sites in the region; and larger values of Z as the difference between  � and  �  increases, as a 10 

result of replacing sites with a larger discordance (Fig. 7a).  

However, when   � >  � (Fig. 7b) the measures face some difficulties in ranking the degree of heterogeneity for high values 

of k. This is due to the larger sample variability entailed by the discordant sites in such a case, which makes the whole mixed 

region seem less heterogeneous. Note that this is also the reason of the lack of asymmetry of the results regarding the vertical 

line at the midpoint of the x-axis (i.e.  �  = 0.25 =  �). Nevertheless, not all measures are equally affected by this issue. GI 15 

obtains the best results, as for instance it is able to differentiate the degree of heterogeneity for k ≤ 8 when  �  = 0.35 and 0.4. 

It is followed by PCI, which behaves properly for k ≤ 8 when  �  = 0.35 and for k ≤ 7 when  �  = 0.4; and by �′, which obtains 

adequate results for k ≤ 7 when  �  = 0.35 and k ≤ 6 when  �  = 0.4. The worst results are obtained by H, which only behaves 

properly for k ≤ 6 when  �  = 0.35 and k ≤ 4 when  �  = 0.4. Results for the sub-region formed by the remaining (N - k) sites 

of the initial homogeneous region (Fig. 7a) support the results in Fig. 2, as H and GI are practically not affected by the 20 

number of sites of the homogeneous region, while �′ and PCI present a slight decrease in their heterogeneity values as the 

number of sites (N - k) decreases. In summary, GI presents the best results for the analysis of discordant sites.  

5 Discussion 

Overall, GI can be considered as the best heterogeneity measure among all the evaluated measures, closely followed by �′ 
(see a summary in Table 1). However, as expected, none of the measures are perfect, due to their inability to perfectly fulfill 25 

all the desirable properties in practice. GI presents the advantage of being computed as a measure of the standardised mean 

distance between pairs of � � values. Hence, it does not depend on any assumptions concerning parameters or parent 

distributions. �′ is similar but it specifically depends on the estimate of the regional average ��, as it compares it to each � � 
value. Thus, due to the similar but slightly better results obtained by GI and its widely accepted use in other fields, the use of 

GI would be preferable in practice.  30 
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H is by nature the statistic of a homogeneity test. Hence, it is defined to identify whether a given region can be considered as 

homogeneous or not, not to compare the heterogeneity degree of several regions. Note that this is also valid for other test 

statistics (e.g. AD). As a consequence of the intrinsic disadvantages of H (see Sect. 1) and the obtained results, the use of H 

as a heterogeneity measure for ranking regions is not recommended. The unsatisfactory results obtained for �′ and  could 

be related to the way in which t and �  are combined (see Sect. 3), which may not be appropriate for assessing the degree of 5 

regional heterogeneity. The unsuitable results associated with ‖ ‖ could be related to considering the whole information 

of the data, which may mask the effect of factors favouring heterogeneity. It should be noted that other norms aside from the 

one in Eq. (15) were considered, but they did not lead to better performances. Further research should focus on the 

development of a better adaptation of the entropy-based measures to estimate the degree of regional heterogeneity.   

The PCI measure is obtained without assuming a given parent distribution of the data; although it considers a log-Student 10 

distribution for estimating the L-CV confidence interval. Also, even though it depends partially on the selected confidence 

level, mean PCI values over Ns = 500 for different confidence levels (90% and 95%) were found to be highly correlated (not 

shown). This fact removes subjectivity from the use of PCI as a heterogeneity measure, as for such a purpose only the ranking 

of values is needed. It is also important to highlight the stable performance of PCI regardless of the value of  �. This makes 

PCI outperform GI and �′ for identifying the most heterogeneous region when such a region has a much lower  � than others 15 

to be compared with (see Table 2). As a consequence, PCI and GI could be used together in practice as two different and 

complementary criteria. This is common in other applications; for instance several criteria are commonly applied when 

ranking candidate distributions (e.g. the Akaike information criterion and the Bayesian information criterion). It is important 

to mention that the use of PCI as a homogeneity test in practice may lead to the false rejection of homogeneous regions. 

Indeed, even when a region is ‘perfectly’ homogeneous ( = 0%) the mean value of PCI may indicate slight heterogeneity 20 

(e.g. it is slightly larger than 10% in Fig. 1).  

As indicated in Sect. 1, the heterogeneity measures selected in this study may be used for the assessment of the degree of 

heterogeneity of regions obtained through the use of different delineation methods. When a region is divided into several 

sub-regions by a given delineation method, the GI (or PCI) value can be evaluated at each sub-region. Then, the average 

value can be used to compare several delineation methods applied on the given region. The best delineation method will be 25 

the one with the lowest GI (or PCI) value for the region of study (see Sect. 6 for an illustrative application). It is important to 

note that a heterogeneity measure should not be used as a decision variable for the delineation of regions, as it would imply 

using redundant information at different steps of the regional analysis. The heterogeneity measure can also be used for 

evaluating the heterogeneity of a given region when particular sites are removed, with the aim of helping in the identification 

of homogeneous regions. For instance, if a region is found as heterogeneous by using a given test and by entailing a number 30 

of discordant sites, the heterogeneity measure can help in the identification of the ‘most homogeneous region’ as a result of 

removing different combinations of sites. However, it is important to highlight that physical reasoning has to be provided for 

removing a given (discordant) site. Thus the heterogeneity measure serves only as a facilitator for the identification of the 

site(s) to be further analysed (e.g. Viglione, 2010; Ilorme and Griffis, 2013).  
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6 Illustrative application 

An illustrative application on observed data is presented for didactical purposes. The considered case study consists of 44 

sites from the hydrometric station network of the southern part of the province of Quebec, Canada (for more description of 

the data and the region see Chokmani and Ouarda 2004). The flow data are managed by the Ministry of the Environment of 

Quebec services. Descriptors and at-site spring flood quantiles are available for the considered sites (Kouider et al. 2002). A 5 

summary of the statistics associated with the spring maximum peak flow data, relevant descriptors for flood frequency 

analysis (e.g. Shu and Ouarda 2007) and at-site spring flood quantiles is shown in Table 3. Note that due to the data used in 

this application are observed instead of simulated, the real degree of heterogeneity of the regions, as well as the real parent 

distribution of the data are unknown. Thus, it is not possible to truly compare the performance of the different heterogeneity 

measures. In this regard, it is important to remark that the purpose of this illustrative application is then to show that 10 

commonly used criteria for identifying the best method for delineating regions may be subjective, as well as to guide 

practitioners in the use of heterogeneity measures.  

The heterogeneity of the whole study region is evaluated by using a homogeneity test (Hosking and Wallis 1997), resulting 

in a heterogeneous region (H > 2, see Table 4). Hence, the region is then divided into sub-regions by using cluster analysis 

(e.g. Burn 1989) with the Ward’s method, as it is one of the most applied in hydrology (e.g. Hosking and Wallis 1997, 15 

Mishra et al. 2008). Because of the illustrative character of this application, three simple clustering settings are considered as 

the different delineation methods. Clustering A consists in applying cluster analysis based on catchment area, annual mean 

total precipitation and annual mean degree-days below 0°C (see Table 3). Clustering B consists in applying cluster analysis 

only based on the catchment mean slope; and Clustering C is based on catchment slope and fraction of the catchment 

controlled by lakes (see Table 3). Catchment area and annual mean total precipitation are descriptors generally recognised as 20 

very relevant for flood frequency analysis. Hence, it is expected that the sub-regions formed by Clustering A are more 

appropriate than the sub-regions formed by Clusterings B or C, which in this context implies that such sub-regions are less 

heterogeneous.  

The results obtained by applying the best heterogeneity measure found in the present study, the GI, are shown in Table 4. For 

comparison purposes, the results obtained by applying commonly used criteria for identifying the best delineation method 25 

are also shown. They are H, and the quantile error calculated as the relative root mean square error (RRMSE) (see Sect. 1). 

No more results are shown for space reasons and simplicity. Remind that the lower the heterogeneity measure or RRMSE 

value is, the better the delineation method will be. Note that in this case study, identifying the best delineation method 

implies identifying the best clustering setting. Two distributions commonly used in regional flood frequency analysis are 

considered when applying the index-flood method (Dalrymple 1960) for estimating the quantiles to be evaluated through 30 

RRMSE. These distributions are the GEV and the generalised logistic (GLO) distribution; and the quantiles to be evaluated 

are the 10- and 100-year return period (T) spring flood quantile. RRMSE results related to a given distribution are only 
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shown in Table 4 if the regional distribution is accepted by a goodness-of-fit measure (Hosking 2015). For comparison 

purposes, RRMSE results are obtained even if the given region is not “homogeneous” according to the homogeneity test.  

According to the results in Table 4, H identifies Clustering B as the best delineation method by considering either the H 

average or the H weighted average. Nevertheless, due to H is based on simulations, the H value for the sub-regions slightly 

change if the procedure is repeated. In this particular case study, this implies that in some cases H average in Clustering B 5 

becomes larger than H average in Clustering A, and then Clustering A is selected as the best one. Moreover, although not 

happening in this case study, it may occur that H has negative values which may also contribute to complicate the evaluation 

of its average.  

RRMSE average for T = 100 identifies Clustering A as the best delineation method. However, RRMSE average for T = 10 

identifies Clustering C as the best one. Hence, a different decision is taken depending on the quantile considered for the 10 

assessment. Besides, it is also relevant to indicate that the selection of the best delineation method based on RRMSE may 

also depend on the regional distribution used. For instance, different distributions could be accepted for a given sub-region, 

resulting in different RRMSE values which could affect the final decision. In this regard, it is important to remark that when 

observed data are used, it is not possible to know neither the real regional parent distribution of the data, nor the real parent 

distribution to be used in obtaining the at-site quantiles used for evaluating RRMSE.   15 

In the present application, the GI identifies Clustering A as the best delineation method, where the descriptors used for such 

purpose are expected to be more relevant. The GI is a more objective criterion for identifying the heterogeneity of a region 

than criteria commonly used in practice. Besides, its use as heterogeneity measure is supported by the four-step simulation-

based assessment procedure performed in the present paper.  

7  Conclusions 20 

Delineation of homogeneous regions is required for the application of regional frequency analysis methods such as the index 

flood procedure. The availability of an estimate of the degree of heterogeneity of these delineated regions is necessary in 

order to compare the performances of different delineation methods or to evaluate the impact of including particular sites. 

Due to the unavailability of a well-justified and generally recognised measure for performing such comparisons, a number of 

studies have relied on measures that are not well-defined or approaches that involve additional steps during the delineation 25 

stage of regional frequency analysis. 

In the present paper, a simulation-based general framework is presented for assessing the performance of potential 

heterogeneity measures in the field of regional hydrological frequency analysis (RHFA), according to a number of desirable 

properties. The proposed four-step assessment procedure consists of: sensitivity analysis by varying the factors of a region; 

evaluation of the success rate for identification of the most heterogeneous region; estimation of the evolution of the 30 

variability for the heterogeneity measure average with respect to the degree of regional heterogeneity; and study of the effect 

of discordant sites. The procedure is applied on a set of measures including commonly used ones, measures that are derived 
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from recent approaches, and measures that are adapted from other fields to the regional hydrological context. The 

assumption-free Gini Index (GI) frequently considered in economics and applied here on the L-variation coefficient (L-CV) 

of the regional sites obtained the best results. A lower performance was obtained for the measure of the percentage of sites 

(PCI) for which the regional L-CV is outside the confidence interval for the at-site L-CV. However, this measure was 

considered relevant because of its stable behaviour regardless of the regional value of L-CV. The application of both 5 

measures may be recommended in practice. The use of different criteria to determine the degree of regional heterogeneity 

can help adequately identify the sites to be further analysed for obtaining homogeneous regions. Further research efforts are 

necessary to develop robust and general heterogeneity measures in the field of RHFA. In this study, an illustrative 

application is also included for didactical purposes. The subjectivity related to commonly used criteria in assessing the 

performance of different delineation methods is underlined through it. In this regard, further research may also focus on the 10 

application of heterogeneity measures to a variety of case studies in order to analyse practical aspects.  

Acknowledgements 

The financial support provided by the Natural Sciences and Engineering Research Council of Canada (NSERC) and the 

Merit scholarship program for foreign students – Postdoctoral research fellowship of the Ministère de l’Éducation et de 

l’Enseignement Supérieur du Québec managed by the Fonds de recherche du Québec – Nature et technologies is gratefully 15 

acknowledged.  

References 

Akaike, H.: Information theory and an extension of the maximum likelihood principle, Second International Symposium on 

Information Theory, edited by B. N. Petrov and F. Csaki, 267-281, Acad. Kiadó, Budapest, 1973. 

Ali, G., Tetzlaff, D., Soulsby, C., McDonnell, J.J. and Capell, R.: A comparison of similarity indices for catchment 20 

classification using a cross-regional dataset, Adv.Water Resour., 40, 11-22, 2012. 

Alila, Y.: A hierarchical approach for the regionalization of precipitation annual maxima in Canada, J. Geophys. Res.-

Atmos., 104, 31645-31655, 1999. 

Bocchiola, D., De Michele, C. and Rosso, R.: Review of recent advances in index flood estimation, Hydrol. Earth Syst. Sc., 

7, 283-296, 2003. 25 

Brath, A., Castellarin, A., Franchini, M. and Galeati, G.: Estimating the index flood using indirect methods, Hydrolog. Sci. 

J., 46, 399-418, 2001. 

Burn, D.H.: Cluster analysis as applied to regional flood frequency, J. Water Res. Pl.-ASCE, 115, 567-582, 1989. 

Burn, D.H. and Goel, N.: The formation of groups for regional flood frequency analysis, Hydrolog. Sci. J., 45, 97-112, 2000. 

Deleted: is30 



20 

 

Canaves, J.M., Page, R., Wilson, I.A. and Stevens, R.C.: Protein biophysical properties that correlate with crystallization 

success in Thermotoga maritima: maximum clustering strategy for structural genomics, J. Mol. Biol., 344, 977-991, 

2004. 

Castellarin, A., Burn, D. and Brath, A.: Homogeneity testing: How homogeneous do heterogeneous cross-correlated regions 

seem?, J. Hydrol., 360, 67-76, 2008. 5 

Castellarin, A., Burn, D. and Brath, A.: Assessing the effectiveness of hydrological similarity measures for flood frequency 

analysis, J. Hydrol., 241, 270-285, 2001. 

Ceriani, L. and Verme, P.: The origins of the Gini index: extracts from Variabilità e Mutabilità (1912) by Corrado Gini, The 

Journal of Economic Inequality, 10, 421-443, 2012. 

Chebana, F. and Ouarda T.B.M.J.:  Index flood–based multivariate regional frequency analysis, Water Resour. Res., 45, 10 

W10435, 2009. 

Chebana, F. and Ouarda, T.B.M.J.: Multivariate L‐moment homogeneity test, Water Resour. Res., 43, 2007. 

Chokmani, K. and Ouarda, T.B.M.J.: Physiographical space‐based kriging for regional flood frequency estimation at 

ungauged sites, Water Resour. Res., 40, W12514, 2004. 

Chowdhury, J.U., Stedinger, J.R. and Lu, L.: Goodness-of-fit tests for regional generalized extreme value flood distributions, 15 

Water Resour. Res., 27, 1765-1776, 1991. 

Cunnane, C.: Methods and merits of regional flood frequency analysis, J. Hydrol., 100, 269-290, 1988. 

Dalrymple, T.: Flood frequency analyses, U.S. Geol. Surv. Water Supply Pap, 1543A, 11-51, 1960. 

Das, S. and Cunnane, C.: Performance of flood frequency pooling analysis in a low CV context, Hydrolog. Sci. J., 57, 433-

444, 2012. 20 

Das, S. and Cunnane, C.: Examination of homogeneity of selected Irish pooling groups, Hydrol. Earth Syst. Sci., 15, 819-

830, 2011. 

Elamir, E.A. and Seheult, A.H.: Exact variance structure of sample L-moments, J. Stat. Plan. Infer., 124, 337-359, 2004. 

Farsadnia, F., Kamrood, M.R., Nia, A.M., Modarres, R., Bray, M. and Han, D.: Identification of homogeneous regions for 

regionalization of watersheds by two-level self-organizing feature maps, J. Hydrol., 509, 387-397, 2014. 25 

Fill, H.D. and Stedinger, J.R.: Homogeneity tests based upon Gumbel distribution and a critical appraisal of Dalrymple's test, 

J. Hydrol., 166, 81-105, 1995. 

Gastwirth, J.L.: The estimation of the Lorenz curve and Gini index, Rev. Econ. Stat., 306-316, 1972. 

Gini, C.: Variabilità e Mutuabilità. Contributo allo Studio delle Distribuzioni e delle Relazioni Statistiche, C. Cuppini, 

Bologna, 1912. 30 

Glasser, G.J.: Variance formulas for the mean difference and coefficient of concentration, J. AM. Stat. Assoc., 57, 648-654, 

1962. 

Hausser, J. and Strimmer, K.: Entropy inference and the James-Stein estimator, with application to nonlinear gene 

association networks, J. Mach. Learn. Res., 10, 1469-1484, 2009.   



21 

 

Hosking, J.R.M.: Regional frequency analysis using L-moments, R package, version 3.0-1, 2015. http://CRAN.R-

project.org/package=lmomRFA. 

Hosking, J.R.M.: L-Moments: Analysis and Estimation of Distributions Using Linear Combinations of Order Statistics, J. R. 

Stat. Soc., Series B (Methodological), 52, 105-124, 1990. 

Hosking, J.R.M. and Wallis, J.R.: Regional frequency analysis: an approach based on L-moments, Cambridge University 5 

Press, 240 pages, 1997. 

Hosking, J.R.M. and Wallis, J.R.: Some statistics useful in regional frequency analysis, Water Resour.Res., 29, 271-281, 

1993. 

Ilorme, F. and Griffis, V.W.: A novel procedure for delineation of hydrologically homogeneous regions and the 

classification of ungauged sites for design flood estimation, J. Hydrol., 492, 151-162, 2013. 10 

Kouider, A., Gingras, H., Ouarda, T.B.M.J., Ristic-Rudolf, Z. and  Bobée, B.: Analyse fréquentielle locale et régionale et 

cartographie des crues au Québec, Rep. R-627-el, INRS-ETE, Ste-Foy, Canada, 2002. 

Kullback S. and Leibler R.A.: On information and sufficiency, The annals of mathematical statistics, 22(1), 79-86, 1951. 

Laio, F., Di Baldassarre, G. and Montanari, A.: Model selection techniques for the frequency analysis of hydrological 

extremes, Water Resour. Res., 45, 2009. 15 

Li, H. and Reynolds, J.: On definition and quantification of heterogeneity, Oikos., 280-284, 1995. 

Mays, D.C., Faybishenko, B.A. and Finsterle, S.: Information entropy to measure temporal and spatial complexity of 

unsaturated flow in heterogeneous media, Water Resour. Res., 38, 49-1-49-11, 2002. 

Mishra, B. K., Takara, K., and Tachikawa, Y.: Regionalization of Nepalese river basins for flood frequency analysis, Journal 

of Hydraulic Engineering, 52, 91-96, 2008. 20 

Ouali, D., Chebana, F. and Ouarda, T.B.M.J.: Non-linear canonical correlation analysis in regional frequency analysis, 

Stoch. Env. Res. Risk. A.,30(2), 449-462, 2016. 

Ouarda, T.B.M.J.: Hydrological frequency analysis, Regional, Encyclopedia of Environmetrics, John Wiley & Sons, Ltd, 

2013. 

Ouarda, T.B.M.J. and Shu, C.: Regional low-flow frequency analysis using single and ensemble artificial neural networks, 25 

Water Resour. Res., 45(11), 2009. 

Ouarda, T.B.M.J., Girard, C., Cavadias, G.S. and Bobée, B.: Regional flood frequency estimation with canonical correlation 

analysis, J. Hydrol., 254, 157-173, 2001. 

Requena, A.I., Chebana, F. and Mediero, L.: A complete procedure for multivariate index-flood model application, J. 

Hydrol., 535, 559-580, 2016. 30 

Salinas, J., Laaha, G., Rogger, M., Parajka, J., Viglione, A., Sivapalan, M. et al.: Comparative assessment of predictions in 

ungauged basins- Part 2: Flood and low flow studies, Hydrol. Earth Syst. Sc., 17, 2637-2652, 2013. 

Seidou, O., Ouarda T.B.M.J, Barbet, M., Bruneau, P. and Bobée, B.: A parametric Bayesian combination of local and 

regional information in flood frequency analysis, Water Resources Research, 42, W11408, 2006. 

Deleted:  1-1435 

Deleted: 5



22 

 

Yitzhaki, S. and Schechtman, E.: The Gini Methodology: A primer on a statistical methodology, Vol. 272, Springer Science 

& Business Media, 2012. 

Scholz, F.W. and Stephens, M.A.: K-sample Anderson–Darling tests, J. AM. Stat. Assoc., 82, 918-924, 1987. 

Scholz, F.W. and Zhu, A.: kSamples: K-Sample Rank Tests and their Combinations, R package version 1.0.1., 2015. 

http://CRAN.R-project.org/package=kSamples 5 

Shu, C. and Burn, D.H.: Homogeneous pooling group delineation for flood frequency analysis using a fuzzy expert system 

with genetic enhancement, J. Hydrol., 291, 132-149, 2004. 

Shu, C., and Ouarda, T.B.M.J.: Flood frequency analysis at ungauged sites using artificial neural networks in canonical 

correlation analysis physiographic space, Water Resour. Res., 43, W07438, 2007. 

Smith, A., Sampson, C. and Bates, P.: Regional flood frequency analysis at the global scale, Water Resour. Res., 51, 539-10 

553, 2015. 

Stedinger, J. and Lu, L.: Appraisal of regional and index flood quantile estimators, Stoch. Hydrol. Hydraul., 9, 49-75, 1995. 

Viglione, A.: nsRFA: Non-supervised Regional Frequency Analysis, R package version 0.7-12, 2014. http://CRAN.R-

project.org/package=nsRFA 

Viglione, A.: Confidence intervals for the coefficient of L-variation in hydrological applications, Hydrol. Earth Syst. Sc., 14, 15 

2229-2242, 2010. 

Viglione, A., Laio, F. and Claps, P.: A comparison of homogeneity tests for regional frequency analysis, Water Resour. Res., 

43, 2007. 

Warner, R.M.: Applied statistics: From bivariate through multivariate techniques, Sage, 2008. 

Wazneh, H., Chebana, F. and Ouarda, T.B.M.J.: Delineation of homogeneous regions for regional frequency analysis using 20 

statistical depth function, J. Hydrol., 521, 232-244, 2015. 

Weijs, S. V., Schoups, G. and Van De Giesen, N.: Why hydrological predictions should be evaluated using information 

theory, Hydrol. Earth Syst. Sc., 14, 2545-2558, 2010. 

Wiltshire, S.: Regional flood frequency analysis I: Homogeneity statistics, Hydrolog. Sci. J., 31, 321-333, 1986. 

Wright, M.J., Houck, M.H. and Ferreira, C.M.: Discriminatory Power of Heterogeneity Statistics with Respect to Error of 25 

Precipitation Quantile Estimation, J. Hydrol. Eng., 04015011, 2015. 

Wright, M., Ferreira, C. and Houck, M.: Evaluation of heterogeneity statistics as reasonable proxies of the error of 

precipitation quantile estimation in the Minneapolis-St. Paul region, J. Hydrol., 513, 457-466, 2014. 

Wu, J., Tan, Y., Deng, H. and Zhu, D.: A new measure of heterogeneity of complex networks based on degree sequence, 

Unifying Themes in Complex Systems, Springer, pp. 66-73, 2008. 30 

Zeileis, A.: ineq: Measuring Inequality, Concentration, and Poverty, R package version 0.2-13, 2014. http://CRAN.R-

project.org/package=ineq 

 

 



23 

 

Table 1. Summary of the results of the studied measures for the four-step assessment procedure. The behaviour of a 

given measure for each sensitivity analysis in step (i) is graded as: good (G), acceptable (A), bad (B) or unacceptable 

(U). Measures entailing an ‘unacceptable (U)’ behaviour are not assessed by the rest of steps; yet a complete 

assessment of H is performed for comparison purposes. For steps (ii), (iii) and (iv) considered measures are ranked 

from the best results (1
st
) to the worst results (4

th
).  5 

Measures 

(i) Sensitivity analyses 

(ii) Success 

rate (SR) 

(iii) Variability 

evolution 

(iv) Effect of 

discordant sites  N  �  n 

 = 0%  = 50% 

H G G U B B 3
rd

 * 4
th

 *** 4
th

 

 A G U B B - - - �′ G A G A A 2
nd

 1
st
 3

rd
 �′ A A G U B - - - 

AD A U U U B - - - 

PCI G A A A B 4
th

 ** 2
nd

 2
nd

 

GI G G A A A 1
st
 3

rd
 1

st
 ‖ ‖ A U U B B - - - 

 

(*) High limitations for given circumstances; (**) Favorable stable values regardless of  � ; (***) Unacceptable results. 

 

 

 10 

 

 

 

 

 15 

 

 

 



24 

 

Table 2. Summary of the success rate (SR) minimum, average and maximum of the considered measures (H, �′, PCI 

and GI), expressed in percentage, when comparing the heterogeneity of two regions A and B. For a given    and  , 

such values are computed as the minimum, average and maximum of SR over 48 cases, respectively. For each case, 

SR is obtained as the mean over Ns = 500 simulations of two regions with n = 30 and given NA, NB, A and B. Values in 

bold indicate the measure obtaining the largest SR minimum, SR average and SR maximum, respectively.  5 

   vs.         
Minimum Average Maximum 

H �′ PCI GI H �′ PCI GI H �′ PCI GI 

  =   
0.2 0.2 33 47 40 50 74.5 77.9 67.3 77.7 99 99 91 100 

0.3 0.3 36 46 34 51 72.2 74.4 65.1 75.2 98 94 87 98 

  <   
0.1 0.4 7 69 36 57 58.8 86.4 61.4 85.7 87 98 83 98 

0.2 0.3 24 59 40 62 68.1 81.0 64.1 80.8 96 97 88 98 

  >   
0.3 0.2 47 34 33 34 77.3 70.4 67.6 71.8 100 96 92 97 

0.4 0.1 33 14 26 15 80.5 61.0 69.1 63.3 100 94 95 99 

Total average: 30 45 35 45 71.9 75.2 65.8 75.7 97 96 89 98 

 

 

 

 

 10 

 

 

 

 

 15 
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Table 3. Summary of the statistics of descriptors, spring maximum peak flow series, and available at-site quantiles for 

the 44 sites considered in the illustrative application. 

Variables Unit Min Mean Max Std. 

Descriptors 

Catchment area km
2
 208 1062 5820 1075 

Catchment mean slope % 0.99 2.67 6.81 1.29 

Fraction of the catchment controlled by 

lakes 
% 0.1 1.63 5 1.38 

Annual mean total precipitation mm 932 1057 1195 62 

Annual men degree-days below 0°C 
degree-

day 
8589 11769 14158 1432 

Spring 

maximum 

peak flow 

series 

Data length years 15 36 80 16.7 

At-site mean m
3
s

-1
 46.7 235.1 1137.4 209.7 

At-site L-CV (t)  0.145 0.199 0.319 0.036 

At-site L-skewness (t3)  -0.032 0.139 0.404 0.098 

At-site 

quantiles 

10-  year spring flood quantile m
3
s

-1
 70.8 342.49 1616.08 298.93 

100-year spring flood quantile m
3
s

-1
 107.8 469.11 2006.38 375.52 
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Table 4. Results of the illustrative application: heterogeneity measures H and GI, and RRMSE. RRMSE values are 

associated with the GLO regional distribution; RRMSE values within parenthesis are associated with the GEV 

regional distribution. Bold values indicate the best result for each criterion.  

Clustering 
Sub-

region 

Nbr 

sites 

H   GI   RRMSE (%) 

Value Average 
Weighted 

average 
 Value Average  

T = 100   T = 10 

    Value Average   Value Average 

Whole region 44 2.21 2.21 2.21   0.092 0.092   17.81 17.81   5.81 5.81 

A 
A1 31 2.06 

1.23 1.57 
  0.101 

0.087 
  18.03 

14.94 
 6.26 

5.64 
A2 13 0.4   0.074   (11.85)  (5.01) 

B 
B1 25 0.49 

1.21 1.11 
  0.077 

0.094 
  16.34 

18.26 
 5.22 

5.93 
B2 19 1.93   0.111   20.18  6.63 

C 
C1 26 2.05 

1.39 1.51 
 0.100 

0.091 
 18.46 

16.92 
 6.22 

5.48 
C2 18 0.73  0.082  (15.38)  (4.74) 
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Fig. 1. Sensitivity analysis: (a) (c) boxplots of the heterogeneity measures for Ns = 500 simulations of the reference region (N = 15, 

n = 30 and � = 0.2) varying the heterogeneity rate ; and (b) (d) comparison of the corresponding mean with the one obtained by 

considering � = 0.4. 
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Fig. 2. Sensitivity analysis: (a) (c) boxplots of the heterogeneity measures for Ns = 500 simulations of the reference region (n = 30 

and � = 0.2), with a heterogeneity rate  = 0%, varying the number of sites N; and (b) (d) comparison of the corresponding mean 

with the one obtained by considering � = 0.4. 
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Fig. 3. Sensitivity analysis: (a) (c) boxplots of the heterogeneity measures for Ns = 500 simulations of the reference region (n = 30 

and � = 0.2), with a heterogeneity rate  = 50%, varying the number of sites N; and (b) (d) comparison of the corresponding mean 

with the one obtained by considering � = 0.4. 

 5 

 

Fig. 4. Sensitivity analysis: mean of H and �� over Ns = 500 simulations of the reference region (n = 30 and � = 0.2) for a 

heterogeneity rate  = 100%, varying the number of sites N. 

 

 10 
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Fig. 5. Sensitivity analysis: (a) (c) boxplots of the heterogeneity measures for Ns = 500 simulations of the reference region (N = 15 

and � = 0.2), for a heterogeneity rate  = 0% and  = 50%, varying the data length n; and (b) (d) comparison of the corresponding 

mean for  = 0% and  = 50%. 
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Fig. 6. Boxplots of representative values of the heterogeneity measure average obtained for 22 cases, varying the heterogeneity rate  in the x-axis. For each case, such a representative value is obtained as the average between a given region A and a given region B 

over Ns = 500 simulations of the given regions, entailing the same  (i.e. A = B) but different characteristics (i.e. NA ≠ NB or NA = 

NB with   ≠  ).  5 
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(a) 

 

(b) 

Fig. 7. Mean values of the heterogeneity measures over Ns = 500 simulations of a given homogeneous region with N = 20 sites, n = 5 
30 and �= 0.25, for which k sites are replaced by k discordant sites generated by a GEV with L-Cv �, varying � in the x-axis: (a) 

full plot; and (b) zoom to the right part of the x-axis. 

 


