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ABSTRACT

Aim of the study
The purpose of the paper is to look at the topic of estimation of the low flow characteristics at ungauged 
catchments in a balanced and systematic way, to provide a recent documentation of the subject and trace the 
most recent trends in low flow regionalization. The review focuses on methods, which are based on diverse 
methods that is the statistical, seasonal approach which are commonly used for the estimation of low flow 
characteristics in ungauged sites and which can be adopted in Polish conditions.

Material and methods
The paper examines the variety of literature sources published primarily during the last two decades. The 
most popular approaches to regionalization of watersheds are described: methods of residuals pattern ap-
proach, multivariate statistics such as cluster analysis, Classification and Regression Tree (CART) models or 
seasonality of low flows.

Results and conclusions
The described regional regression approach for low flow estimation in ungauged catchments, which cor-
relates low flow indices and catchment characteristics, is the most widely used method. The methods were 
chosen because they differ in terms of methodological approach to using statistical methods. Also, the meth-
ods described in the article are “universal”, which means that they can be adopted for different regions, 
countries, including Poland; they are interdisciplinary, and can be adopted for low flow calculation as well 
as average or flood flows.
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INTRODUCTION

Low flow is a natural phenomenon occurring season-
ally and is an integral component of the flow regime 
(Vezza et al., 2010). WMO (1974) defines low flow 
as “the flow of water in a stream during prolonged 
dry weather”. Low flows are normally derived from 
groundwater discharge and are influenced by a num-
ber of aspects, mainly geological, hydrological and 
climactic factors (air temperature and precipitation) 

(Mandal and Cunnane, 2009; Števková et al., 2012; 
Kozek, 2018). Information about low flow is essen-
tial for water management and planning in connection 
with the optimal use of water resources including en-
vironmental flow requirements, particularly the SNQ, 
which according to Polish legislation (Ustawa... 2017) 
is essential information for water-legal permit. In the 
aforementioned Act there is no specified method of 
SNQ calculation and such methodology will have 
to be developed by 31 December 2021 by National 
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Water Holding Polish Waters). Other key areas for 
which this is important include the quality and quan-
tity of water for wildlife, water supply and irrigation 
systems, hydropower operation or recreation (Laaha, 
2002; Laaha and Blöschl, 2006a; Vezza et al., 2010; 
Tomaszewski, 2018).

Whereas there exist sites under long-term observa-
tion (so that low flow characteristics can be estimat-
ed with the use of direct – statistical methods) still, in 
many cases streamflow information is not available or 
is insufficient in terms of quality and quantity (Prus-
ki et al., 2015; Arai et al., 2012). A lot of effort was 
made to establish low flow procedures and to evaluate 
methods for the estimation of low flow parameters at 
ungauged sites (Schreiber and Demuth, 1997). In the 
literature, two different basic methods are presented, 
the stochastic and the deterministic approach (Smakh-
tin, 2001; Engeland and Hisdal, 2009). In the deter-
ministic approach, a precipitation-runoff model is 
used to generate a continuous streamflow time series 
at ungauged sites from which the desired streamflow 
statistic can be extracted. In the stochastic approach, 
the streamflow statistics at ungauged sites are condi-
tioned by the streamflow statistics at a gauged site, 
using either catchment descriptors or spatial distance 
as similarity measure (Engeland and Hisdal, 2009). 
In such cases, regionalization techniques can be used 
to evaluate low flow characteristics based on infor-
mation from catchments where streamflow data have 
been collected (Demuth and Young, 2004; Laaha and 
Blöschl, 2006a). This type of low flow estimation is 
the most popular method in hydrology. 

The regionalization techniques are widely used in 
i.e. Austria, Italy, Great Britain, Germany, Norway, 
Czech Republic, Turkey, and Slovakia. In Europe, 
the first statistical procedures for low flows were de-
veloped for catchments in the United Kingdom. The 
most extensive study to regionalize low flows was 
carried out in the framework of the FRIEND project 
(1985–1988) for the region of Western Europe (Gus-
tard et al., 1989; Schreiber and Demuth, 1997). In this 
project following models were developed: global sta-
tistical models for the entire study area and detailed 
regional statistical models covering single countries 
or clusters of countries or single regions only (Gustard 
and Gross, 1989; Demuth, 1989; Schreiber and De-
muth, 1997). Also the national procedure for low flow 

estimation depending on available data was made in 
Austria. In Poland there is no generally established 
procedure for this issue. So, there is a need to develop 
procedures or methods, which can be applied in Polish 
conditions. In Poland, in the case of controlled catch-
ments, statistical methods based on different type of 
distribution of extreme value are used, i.e. Gumbel 
method for low flow calculation (Byczkowski, 1972). 
For uncontrolled catchments, empirical formulas are 
used. There are few formulas for low and average 
flow calculation, but they were developed based on 
hydrological data for the years 1950–1980, for exam-
ple Punzet formula (Punzet, 1981). At present, there 
is a need to verify or update these formulas, especially 
that actual hydrological data sequences are much lon-
ger at present (Wałęga et al., 2014). An assumption 
of the regionalization is that the variability in space 
of flow characteristics can be explained by drainage 
basins characteristics (Clarke, 1977; Vogel and Kroll, 
1992; Mazvimavi et al., 2005). The regionalisation of 
streamflow characteristics in general is based on the 
premise that catchments with similar climate, geolo-
gy, topography, vegetation and soils would normally 
have similar streamflow responses, for example, in 
terms of unit runoff from the catchment area, average 
monthly flow distribution, duration of certain flow pe-
riods, etc. (Smakthin, 2001). The regionalisation of 
low flow characteristics is usually based on regres-
sion between the low flow characteristics of interest 
and catchment characteristics that are available for 
ungauged sites (Vogel and Kroll, 1992; Gustard et al., 
1992; Schreiber and Demuth, 1997; Skop and Loa-
iciga, 1998; Ziernicka-Wojtaszek and Kaczor, 2013; 
Laaha and Blöschl, 2006a). 

In some instances it is clear how to group studying 
catchments into regions, but very often this procedure 
is not so obvious. The definition of regions may be 
accomplished by using convenient boundaries based 
on geographic, administrative, or physiographic as-
sumptions. However, the regions thus obtained may 
not always be ‘sufficiently’ homogeneous from the 
hydrological point of view. Even two adjacent riv-
er catchments may have rather different topography, 
soils or other local anomalies. A homogeneous region 
may therefore be viewed as a collection of catchments, 
which are similar in terms of catchment hydrological 
response, but not necessarily geographically contigu-
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ous (Smakthin, 2001; Laaha and Blöschl, 2006a). Shu 
and Burn (2003) suggested that geographically close 
catchments are not necessarily homogeneous in terms 
of hydrological response. In their case study in Great 
Britain, homogeneous spatial clustering patterns were 
found within a 62.5 km radius of the local clustering 
centre. Burn and Boorman (1993) assigned donor 
catchments based on a similarity measure of phys-
iographic catchment characteristics (Parajka et al., 
2005). Also, with classification techniques such as 
cluster analysis, it is not necessary for the catchments 
to form a given group, but it is necessary for them to 
be geographically contiguous (Nathan, 1990). 

A number of methods for identifying homogenous 
regions have been proposed in the literature in the con-
text of low flow regionalisation. All of these methods 
use low flow data, which are under consideration, and 
most of them use catchment characteristics as well 
(Laaha and Blöschl, 2006a).

The purpose of the paper is to look at the topic of 
estimation of the low flow characteristics at ungauged 
catchments in a balanced and systematic way, to pro-
vide a recent documentation of the subject, and trace 
the most recent trends in low flow regionalization. The 
review focuses on methods, which are based on diverse 
methods – that is the statistical, seasonal approach – 
which are commonly used for the estimation of low 
flow characteristics in ungauged sites, and which can 
be adopted in Polish conditions. In the area of Poland, 
the climate – and most distinctly, the temperature and 
precipitation – are driven by altitude. Generally, the 
higher the altitude, the colder and wetter the climate; 
with the exception of Suwałki region in the north 
part of Poland. The mean annual temperature varies 
between 6–8.5°C. The warmest part is the Silesian 
Lowland, with the mean annual temperature about 
8.5°C and the Sandomierz basin (8°C). The winter is 
the coldest season when the mean annual temperature 
drops to 0.8°C in the Kasprowy Wierch Mountain. The 
mean annual precipitation in Poland is about 600 mm, 
while the highest – about 1400 mm – is recorded in 
the south part of Poland (mountain catchments) and 
the lowest – about 500 mm – in the central part of the 
country (lowland catchments). Also, Poland is diverse 
in terms of physical and geographical parameters. The 
mean altitude of Poland is 173 m with a range from 
1.8 m.b.s.l. (the point near Raczki Elbląskie village) 

to 2499 m.a.s.l. (Rysy Mountain in the High Tatras). 
In the area of Poland, there are 4 main morphogenetic 
zones: Young Carpathians with mountain valleys, Su-
dety with the Uplands: Silesia-Krakow and Małopol-
ska, Lublin-Lviv, The Saxon-Lusatian Lowlands and 
the Central Poland Lowlands, and the South Baltic 
Coastland Lakelands (www.encyklopedia.pwn.pl). 
The paper examines the variety of literature sources 
published primarily during the last two decades.

REGIONAL REGRESSION APPROACH

In hydrology, the most popular approaches to region-
alization of watersheds include: methods of residuals 
pattern approach, multivariate statistics such as cluster 
analysis, Classification and Regression Tree (CART) 
models or seasonality of low flow (see: Table 1). Re-
gionalization methods are applied in searching for hy-
drological similarity between catchments by examin-
ing the attributes that describe their geomorphology, 
land cover, climate, and soils, for low flow characteris-
tics estimation in ungauged catchments (Ahuja, 2012; 
Vezza et al., 2010). Regionalisation techniques can be 
applied in estimating low flow characteristics under 
consideration, in order to obtain a predictive model for 
low flows in ungauged catchments as preparatory ref-
erence for the environmental flows assessment (Vezza 
et al., 2010).

The methods of low flow regionalisation, which are 
described in the article, were chosen because they dif-
fer in terms of methodological approach to using sta-
tistical methods. This is to say that in cluster analysis, 
the similarity (or dissimilarity) of objects is taken into 
consideration, as well as seasonality of the analysed 
phenomena using circular statistics. These methods 
are “universal”, which means that they can be applied 
to different regions, countries, including Poland; they 
are interdisciplinary, and thus can be adopted in low 
flow calculation as well as average or flood flows – the 
first analysis of seasonality of flows was conducted by 
Burn (1997) for flood seasonality analysis, and then it 
was adopted for low flow. Cluster analysis is another 
popular tool in hydrology, but it can also be applied 
to other discipline, such as medicine or economy. An-
other aspect is that its use in other countries seems to 
be promising, and can be a useful tool for low flow 
estimation in uncontrolled catchments. 
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Table 1. Description of regionalization methods used for low flow characteristics’ regionalization

Regionali- 
zation 

method

Low flow 
characteristics 
which can be 
established

Parameters that can 
be used for 

regionalization

Application 
of the method Advantages and disadvantages of the method

Residual 
pattern 
approach

the low flow 
characteristics, 
which are 
dictated by the 
engineering or 
water planning 
of particular 
country 
(Smakthin 
2001) i.e. Q50; 
Q75; Q90; Q95; 
7Q10; 7Q2; 
30Q10; 30Q; 
MAM(10) etc.

Climatic and 
physiographic 
characteristics: 
catchment area; 
precipitation; 
geology; land use; 
soils; stream network 
density; topographic 
elevation i.e.: altitude 
of the stream gauge; 
maximum altitude; 
mean altitude; range of 
altitude; topographic 
slope; topographic 
slope i.e.: mean slope; 
moderate slope;

Vezza et al., 
2010; Laaha and 
Blöschl, 2006a

Advantages: effective identification of regional 
differences; 
Disadvantages: the initial model may be far from 
correct and the shape of the regions may then 
be artefacts of an inadequate model, regional 
regression model can have little physical 
significance (Laaha and Blöschl, 2006a)

Classifi- 
cation and 
regression 
tree

as above as above Vezza et al., 
2010; Laaha and 
Blöschl, 2006a

Advantages: the CRT is nonparametric, is 
invariant to monotone transformations of its 
independent variables, easily handles outliers 
and noisy data isolating them in a separate node, 
and the trees obtained are readily interpretable 
(Breiman et al., 1984; Vezza et. al., 2010); 
small trees are readily interpretable (Laaha and 
Blöschl, 2006a);
Disadvantages: the method consists of having 
unstable results with the modification of the 
learning sample (the structure of the tree may 
change when models are refitted for subsets 
of the data (Vezza et. al., 2010); big trees 
are difficult to interpret, there is a lack of 
smoothness and there are potential problems 
with overfitting the data; a method for pruning 
the tree is needed (Laaha and Blöschl, 2006a)

Cluster 
analysis

as above as above Vezza et al., 
2010; Števková 
et al., 2012; 
Laaha and 
Blöschl, 2006a; 
Nathan and 
McMahon, 
1992; Kahya and 
Demirel, 2007; 
Ahuja, 2012; 
Cupak, 2013; 
Cupak, 2017

Advantages: one of the most frequently used 
methods in hydrology; few clustering methods 
can be used; the data 
is grouped in such a way that the data points 
in one cluster are very similar and objects in 
different clusters are quite distinct; in partitional 
clustering the number of clusters need to be 
assumed; K-means method is effective for 
grouping large number of data (Rao and Srinivas, 
2008)
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Regionali- 
zation 

method

Low flow 
characteristics 
which can be 
established

Parameters that can 
be used for 

regionalization

Application 
of the method Advantages and disadvantages of the method

Disadvantages: depending of clustering methods 
different groups can be obtained; there is no 
clear formal criterion for determining clusters; 
in partitional clustering the number of clusters 
need to be assumed; increase in the number of 
catchments resulted in segregation of a collection 
of sites that are highly heterogeneous; K-means 
method is sensitive to presence of errors (Rao 
and Srinivas, 2003, 2008); requires the selection 
of variables that are used to define similarity/
dissimilarity for the catchments (Burn, 1997)

Seasona- 
lity 

as above as above Vezza et al., 
2010;
Laaha and 
Blöschl, 2006a; 
Laaha and 
Blöschl, 2006b; 
Kohnová et al., 
2009; Engeland 
and Hisdal, 2009

Advantages: can be a useful indicator of 
catchment similarity in terms of hydrological 
processes; can separate of summer and winter 
low flows 
Disadvantages: the SR gives the least information 
about low flows seasonality; the synoptic 
interpretation of seasonality measures from a 
large number of catchments could be difficult 
because of increasing number of parameters, 
the SH required some classification technique to 
exploit the higher information content (Laaha and 
Blöschl, 2006b)

RESIDUAL PATTERN APPROACH (RPA)

In the residual pattern approach (RPA), residuals 
from an initial, global regression model between flow 
characteristic and catchment characteristics are plot-
ted, from which geographically contiguous regions 
are obtained by manual generalisation on a map 
(Hayes, 1992; Aschwanden and Kan, 1999a; Laaha 
and Blöschl, 2006a). 

The residual pattern approach to catchment group-
ing consists of three steps (Vezza et al., 2010):
1. Perform stepwise regression to obtain a global re-

gression model;
2. Plot the residuals from the global regression mo-

del in the geographic space;
3. If residual patterns are apparent, delineate conti-

guous regions of similar sign and magnitude of 
residuals.

The delineation of sub-regions in Switzerland was 
based on the residual pattern approach (Hayes, 1992). 
A map that combines low flow measurement of gauged 
catchments and low flow estimates of selected un-
gauged catchments was compiled and published in the 
Hydrological Atlas of Switzerland (Aschwanden and 
Kan, 1999b). Based on residual pattern approach, Laa-
ha and Blöschl (2006a) classified Austria’s catchment 
into two main units. The first one consists of flatland 
and hilly terrain, with the low magnitude of residu-
als. The second unit consists of the Alpine catchments 
and the Molassezone in the North (Laaha and Blöschl, 
2006a). Also, Vezza et al. (2010) used RPA in the re-
gionalization of low flows in North-Western Italy. As a 
result of its application, three regions were identified, 
which are: the South-Western Alps, characterized by 
not extremely high mountains and nivo-pluvial stream-
flow regimes; the Valle d’Aosta Region (including 

Table 1. cont.
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Orco and Stura di Lanzo rivers) with higher mountains 
and presence of glaciers; and the Northern-Eastern very 
wet Sesia and Toce watersheds (Vezza et al., 2010).

CLASSIFICATION AND REGRESSION TREE (CART)

The Classification and Regression Tree (CART) ap-
proach is a classification method, which uses histor-
ical data to construct the decision trees. The CART 
was used for the first time in low flows regionaliza-
tion by Laaha and Blöschl (Vezza et al., 2010). Also, 
Vezza et al. (2010) used CART in their study of low 
flow regionalization in Italy. For building decision 
trees, CART splits a learning sample (low flows and 
catchment characteristics) by using an algorithm 
known as binary recursive partitioning (Breiman et 
al., 1984; Laaha and Blöschl, 2006a; Vezza et al., 
2010). By this algorithm, groups of catchments are 
subsequently subdivided by binary conditions, start-
ing from the most important catchment characteristics 
and proceeding to the less important ones (Laaha and 
Blöschl, 2006a). The tree stops growing when each 
terminal node consists of one single observation, but 
this leads to overfitting. To avoid such overfitting, 
trees need to be pruned back, and the optimal number 
of nodes is best determined by an independent vali-
dation data set (Laaha and Blöschl, 2006a; Vezza et 
al., 2010). This procedure, called 10-fold cross-vali-
dation, is based on minimizing the average prediction 
error. The CART algorithm has a very good perfor-
mance in catchments if one is interested in finding 
groups that are most distinct in terms of both catch-
ment characteristics and low flow catchment response 
(Laaha and Blöschl, 2006a; Vezza et al., 2010).

The regression tree approach to catchment group-
ing consists of the following steps (Laaha and Blöschl, 
2006a):
1. Perform transformation to normality.
2. Fit an initial regression tree to the data.
3. Determine the optimal tree size by 10-fold cross

-validation.
4. Prune the initial tree back to the tree size derived 

in point 3.
Looking at the regression model fitted to the Apen-

nine-Mediterranean region identified by the CART, 
the only relevant predictor variable was the maximum 
altitude (Hmax), which was positively correlated to 

low flow characteristics. The CART groups together 
only the small catchments located in the highlands and 
moors in Valle d’Aosta, and it identifies a number of 
small high-elevation catchments in which the intense 
drought period during winter has the soil freezing pro-
cesses as the driving force (Vezza et al., 2010). In Laa-
ha and Blöschl study (2006a), the use of regression 
tree divided Austria into seven regions. The regression 
tree grouping performed the second best among other 
used methods (They used 4 different catchment re-
gionalization methods).

CLUSTER ANALYSIS

Clustering is a process by which a set of feature vec-
tors is divided into clusters or groups such that the 
feature vectors within a cluster are as similar as pos-
sible, whereas the feature vectors of different cluster 
are as dissimilar as possible. Cluster analysis has been 
used in many studies of low flow regionalization e.g. 
Gottschalk (1985), Rao and Srinivas (2006a,b), Lin 
and Chen (2006), Laaha and Blöschl (2006a), Kahya 
and Demirel (2007), Števková et al. (2012), Cupak 
(2017) and Cupak et al. (2017). 

Since clustering is the grouping of similar instances/
objects, some sort of measure that can determine wheth-
er two objects are similar or dissimilar is required. There 
are two main types of measures used to estimate this 
relation: distance measures and similarity measures. 
Distance measures are used most often (see: Table 2). 

Clustering algorithms can be broadly classified 
into two categories: hierarchical and partitional clus-
tering (see: Fig. 1).

In hierarchical algorithms, two categories can be 
distinguished: agglomerative and divisive. In the ag-
glomerative category, the following methods can be 
used (see: Fig. 1): complete and single linkage, pair 
group average, weighted pair group average, pair-
group method using the centroid average, weighted 
pair-group method using the centroid average, and 
Ward’s method (Cupak, 2013). In this type of cluster-
ing, the number of clusters is given as the result. The 
disadvantage of these methods is that there is no clear 
formal criterion for determining clusters. Therefore, 
a chart illustrating agglomeration course can be used 
as a criterion for stopping the agglomeration process 
and final verification of the objects (catchments) (Cu-
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pak et al., 2017). The partitional clustering procedure, 
unlike the hierarchical procedure, requires an initial 
assumption about the number of clusters and cluster 
centres (Rao and Srinivas, 2006b). Partitional methods 
include the K-means, K-medoids, and K-modes meth-
ods (Rao and Srinivas, 2008).

Table 2. The measures used for distance evaluation between 
clusters centres (Rao and Srinivas, 2008)

Distance measure Equation

Euclidean distance
k

n

ik jkx x
=
∑ −
1

2( )

Mahalonobis distance ( ) ( )x x x xi j
T

i j− −−Σ 1

Manhattan distance
k

n

ik jkx x
=
∑ −

1

Chebychev distance
max

1≤ ≤
−

k n
x xik jk

Minkowski distance
k

n

ik jk
tx x v

t

=
∑ −










1

1

where: n – number of attributes; xik – attribute k of xi vector 
function for cluster 1; xjk – attribute k of xj vector function for 
cluster 2; T – transpose matrix, Σ – covariance matrix; t – order 
of Minkowski distance

In hydrology and climatology, K-means and Ward’s 
method are the most commonly used for low flow re-
gionalization. Rao and Srinivas (2006b) used cluster 
analysis on the attributes and flow records from 245 
gauging stations in Indiana. They used hierarchical 
and non-hierarchical analyses (Števková et al., 2012). 
Kahya and Demirel (2007) used hierarchical cluster-
ing (single, complete and Ward methods) to create 
regional types of monthly low flows in Turkey. They 
found that the Ward’s method with Euclidean distance 
was more effective in the production of homogenous 
clusters compared to single linkage and complete link-
age methods. Laaha and Blösch (2006a) and Vezza et 
al. (2010) in their studies used a combination of differ-
ent distance measure and linkage methods for a range 
of numbers of clusters, and found that Ward’s method 

and Euclidean distance metric was preferable to other 
methods. The same conclusion about the best cluster-
ing method of grouping (Ward’s method) was drawn 
by Cupak (2013), who used different hierarchical 
methods for 34 catchments’ grouping located in the 
Upper Vistula basin (Poland), based on hydrological, 
meteorological and physiographical catchment param-
eters. Also, Cupak et al. (2017) used Ward’s method 
for the determination of hydrologically homogeneous 
regions with low flows.

In the Ward’s algorithm (Ward, 1963) the distance 
between clusters is estimated by the analysis of vari-
ance, therefore, it helps to minimize the sum of squared 
deviations of the feature vectors from the centroid of 
their respective cluster, as in formula (1) below (Rao 
and Srinivas, 2006b).

 W y y
k

K

j

m

i

N

ij
k

j
k

k

= − )(
= = =
∑ ∑ ∑
1 1 1

2
 (1)

The Ward’s algorithm starts with a singleton clus-
ter. At this point the cluster centers are the same as 
feature centers. Therefore, the value of the objective 
function is zero. At each step in the analysis, union of 
every possible pair of clusters is considered, and two 
clusters whose fusion results in the smallest increase 
in W are merged. The change in the value of the ob-
jective function due to the merger depends only on the 
correlation between the two merged clusters and not 
on the correlations with other cluster (Rao and Srini-
vas, 2006b). Ward’s algorithm is effective in recov-
ering cluster structure, and it tends to form spherical 
clusters of equal size. This characteristic of the Ward’s 
algorithm makes it useful in the identification of ho-

Fig. 1. Cluster analysis methods (Rao and Srinivas, 2008)
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mogeneous regions for regionalization (Hosking and 
Wallis, 1997; Rao and Srinivas, 2006b). 

The author used Ward’s method in Poland for 15 
selected catchments located in the upper Vistula basin, 
and 2 clusters were selected (see: Fig. 2). The correla-
tion was examined between specific low flow – q95 
and physiographic and meteorological parameter of 
catchments. Correlation and regression relationships 
were determined separately for each cluster. In the 
first cluster, comprising a small number of catchments, 
only the correlations between q95 and individual inde-
pendent variables were determined. The catchments of 
this cluster were devoid of cambisols and gravel-based 
eutric cambisols, and so they were not accounted for 
in the correlation model. No significant correlations 
were found for the significance level of 0.05. Howev-
er, when the significance level was increased to 0.10, 
a significant correlation was found for the percentage 
of the area covered by fluvisols and arable lands (Cu-
pak et al., 2017).

In the second cluster, comprising 10 catchments, 
the multiple regression model formula appeared as 
follows (Cupak et al., 2017): 

q I S
P H P

M

Me z

95 1 726 19 063 0 052
0 0083 0 0076 0 0044
= + ⋅ − ⋅ +

+ ⋅ − ⋅ + ⋅
. . .

. . .

In the formula, the parameters significant for the 
significance level of 0.05 included mean catchment 
slope (I), presence of fluvisols (SM), precipitation (P), 
and median altitude of the catchment (HMe). 

The K-means method is the best known of the 
non-hierarchical clustering methods. Burn (1989) used 
the K-means clustering algorithm to determine appro-
priate grouping of a network of streamflow gauging 
stations in southern Manitoba, Canada. Lecce (2000) 
also used the K-means method to examine spatial varia-
tions in the timing of flooding in the southeastern Unit-
ed States (Lin and Chen, 2006). Burn and Goel (2000) 
applied the K-means algorithm to site characteristics 
(catchment area, length and slope of the main stream 
of river) of a collection of catchments in India to derive 
regions for flood frequency analysis (Rao and Srinivas, 
2008). In India, Ahuja (2012) used K-means method for 
regionalization data of Godaravi catchments. In Poland, 
Kowalczak (1986) used non-hierarchical cluster anal-
ysis for catchments classification for the Upper Noteć 
basin (Poland). Also, Cupak (2017) used this algorithm 
for the grouping of catchments, located in the Upper 
Vistula basin, with respect to low flow characteristic.

K-means algorithm is based on minimisation of the 
objective function, and it breaks down the set of data 
into clusters. It has the properties of dividing and clas-

Fig. 2. Grouping of catchments located in the Upper Vistula basin with the use of Ward’s method (Cupak et al., 2017)



Cupak, A. (2020). Regionalization methods for low flow estimation in ungauged catchments – a review. Acta Sci. Pol., Formatio 
Circumiectus, 19 (1), 21–35. DOI: http://dx.doi.org/10.15576/ASP.FC/2020.19.1.21

29www.acta.urk.edu.pl/pl 

sifying l variable numbers and N numbers of data of 
the X set into the K number of clusters. Similarity of 
the elements in the given cluster should be as high as 
possible, and specific clusters should maximally differ 
from each other (Dikbas et al., 2013). This method is 
effective for grouping large sets of data with numeri-
cal attributes. However, there are some limitations to 
this method in the breaking down of the data into cate-
gories. The method is also sensitive to presence of er-
rors (Rao and Srinivas, 2008). In this method, the pro-
cedure is as follows: at first, the objects (catchments) 
are assigned to clusters at random, and then iteratively 
they are moved between clusters, in order to minimize 
intra-group changeability and maximize intergroup 
changeability (Cupak, 2017). The formula (2) below 
describes iteration of the function with variables k, j, i.

 F d x x
k

K

j

n

i

N

ij
k

j
k

k

= −( )
= = =

⋅∑ ∑∑
1 1 1

2  (2)

where:
 K – the number of clusters,
 Nk –  the number of functions of vectors in the 

cluster,
 xij

k  –  the scale of the value of the function of the 
vector assigned to the cluster k,

 x j
k
⋅  –  the average value of the feature j for the clu-

ster k, calculated from the formula (3) below:

 x x
Nj

k

i

N

ij
k

k

k

⋅
=

= ⋅∑
1

1
 (3)

Thus, the calculation procedure is repeated until 
variability of the features within the given cluster is as 
low as possible.

In the author’s research conducted in the area of 
the Upper Vistula basin, the correlation was examined 
between specific low flow – q95 and physiographic and 
meteorological parameters of the catchments. The use 
of K-means method facilitated the identification of two 
groups of catchments sharing similar values of low 
flows. The identified clusters comprised catchments 
similar in terms of unit runoff, watercourse length, 
mean precipitation, median altitude, mean catchment 
slope, watercourse staff gauge zero, the area covered 
by coniferous forests, arable lands, and soils. In the 
K-means method, the procedure of assigning catch-
ments to the clusters was started with two clusters, and 
it finished with five. The best fit was obtained in the 
instance of choosing two clusters. In the first cluster, 
there were five catchments; and in the second, another 
eleven (see: Fig. 3) (Cupak, 2017).

Fig. 3. Grouping of catchments located in the Upper Vistula basin with the use of K-Means method (Cupak, 2017)
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The catchments of this cluster were devoid of 
grassland (Uz), and so they were not accounted for in 
the correlation model. No significant correlations were 
found for the significance level of 0.05. Even though 
in case of such parameters as median catchment alti-
tude and soils (fluvisols and eutric cambisols) the cor-
relation was weak (correlation coefficient under 0.3), 
it was decided to show both the correlation model and 
the correlation coefficient. In the second cluster, in-
cluding 14 catchments, a multiple regression model 
was formulated as follows: 

q U L S

H T
z i p

Me

95 1 096 0 016 0 052 0 02

0 29 0 532 106

= − + ⋅ + ⋅ − ⋅ +

+ ⋅ + ⋅ −

. . . .

. . .. .

.
0 0 013

0 036
⋅ − ⋅ +

+ ⋅
i P

SBw

In the above equation, at a significance level of 
0.05, only coniferous forests (Li) were statically im-
portant (Cupak, 2017).

At present, more detailed research results are avail-
able covering a larger number of catchments located 
within the Vistula basin, and obtained with use other 
methods of grouping.

SEASONALITY METHODS

As shown in the Austrian study, the seasonality indices 
approach has a potential in identifying homogenous 
groups of catchments using differences in seasonal low 
processes between the catchments (Laaha and Blöschl, 
2006a; Vezza et al., 2010). Engeland and Hisdal (2009) 
compared a regional regression model based on sea-
sonality with a regional rainfall-runoff model (HBV) 
in Norway for regionalizing low flows, and they found 
that the first one performs better than the second. A re-
gional analysis of low flows in small catchments in 
Austria was carried out by Laaha (2006) and Laaha 
and Blöschl (2006a, b). Schreiber and Demuth (1997) 
analysed seasonality of mean annual 10-day minimum 
MAM(10) of total discharges measured in 169 catch-
ments in southwest Germany. The results indicated 
typical low flow occurrence from September to Octo-
ber for large parts of the study area, apart from the Pre-
Alps (Voralpen region), which are dominated by winter 
low flows (January and February). The differences of 
low flow seasonality were found to depend mainly on 
catchment altitude. In Switzerland, Aschwanden and 

Kan (1999) investigated the seasonal distribution of 
Q95 for 143 headwater catchments. They found two 
different typical seasonal distributions of low flows, 
which – as in case of Germany – depended on catch-
ment altitude. In alpine catchments, low flows occur 
from November to March. In the hilly landscapes of 
Mittelland and Jura, low flows may occur during the 
whole year, but clearly most frequently during summer 
and autumn. In the region of Vermont and New Hamp-
shire, Dingman and Lawlor (1995) stated that, annual 
7-day minimum flows usually occur in late summer 
or early fall in response to regional climatic patterns, 
but they occur in some years during late winter in the 
more northern and high-elevation streams. The mean 
time of occurrence for annual 7-day minimum flows 
is in August (Vermont and the Connecticut River ba-
sin), in September (the Saco River basin), and in Au-
gust or September in the rest of New Hampshire. But 
at the highest elevations, annual 7-day minimum flows 
occur in February (Laaha and Blöschl, 2007). Jokiel 
and Stanisławczyk (2016) analysed the changes and 
the multiannual variability of the seasonal structure of 
river runoff in Poland. Also, the seasonality of medi-
an monthly discharge in selected Carpathian rivers of 
the upper Vistula basin was analysed by Wałęga and 
Młyński (2017).

The most often used seasonality parameters in case 
of low flow characteristics are: the seasonality ratio 
(SR), a cyclic seasonality index (SI), and seasonality 
histograms (SHs).

The seasonality ratio (SR). Summer and winter 
low flows are subject to important differences in the 
underlying hydrological processes. Daily discharge 
time-series need to been stratified into summer and 
winter discharge. From winter and summer discharge 
time-series, characteristic values for summer low 
flows qs and winter low flows qw are calculated for 
each catchment. The SR is calculated using formula 
(4) below (Laaha and Blöschl, 2006b):

 SR q
q
s

w
= � �  (4)

Values of SR > 1 indicate the presence of a winter 
low flow regime, whereas values of SR < 1 indicate 
the presence of a summer low flow regime. 

The seasonality index (SI). This index is similar 
to Burn (1997) and Laaha and Blöschl (2006b), and it 
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represents the seasonal distribution of low flow occur-
rence. The index is based on two parameters, θ and r, 
which are calculated from the Julian dates of all days 
of the observation period, when discharges are equal 
or below low flow characteristic. The mean day of 
occurrence θ is measured in radians and reflects the 
average seasonality of low flows. Parameter r is the 
dimensionless mean of the days of occurrence. The 
parameter describes the variability of low flow sea-
sonality, which varies between 0 (low seasonality) and 
1 (strong seasonality) (Laaha 2006a, b). Flows lower 
than low flow characteristics under consideration are 
identified by the day of the occurrence Dj, which can 
be described by the following equation (Burn, 1997; 
Laaha and Blöschl, 2006b):

θ
π

=
⋅Dj 2
365

The Cartesian coordinates xθ and yθ of the total of 

the n single days is calculated as: x
n j

jθ θ= ∑1 cos( ) 

and y
n j

jθ θ= ∑1 sin( ). Then, the angle of the mean 

directional vector is defined as: θ θ

θ
=









arctan

y
x

 1st 

and 4th quadrant: x > 0 and θ πθ

θ
=









 +arctan

y
x

 2nd 

and 3rd quadrant: x < 0. By transforming the mean 
angle to a Julian date, the mean day of occurrence is 

determined: D = ⋅θ
π
365
2

. Finally, the seasonal concen-

tration index r is calculated as: r x y= +θ θ
2 2. As the 

pooling variable, the seasonal concentration index and 
the X, Y coordinates of the mean day of the occurrence 
of low flows are used. Seasonality indices can then be 
displayed on a vector map, which gives a synoptic rep-
resentation of the mean day of occurrence and the in-
tensity of seasonality for a large number of catchments 
(Laaha and Bloschl, 2006b).

The seasonality histogram (SH). The SH allows 
a more detailed description of seasonal distribution 
of low flows than the SI (Laaha and Bloschl, 2006b). 
The description is based on Julian dates of all days 
of the observation period when discharges are equal 
or below low flow characteristic. Histograms based on 
monthly classes are plotted from these data. The SH 

illustrates the occurrence of low flow in each month, 
and provides supplemental information to the SI. It il-
lustrates which months are affected by low flow, and it 
provides a good representation of the shape of the sea-
sonal distribution – multimodal or skewed distribution 
(Laaha and Bloschl, 2006b).

CONSTRUCTION OF REGRESSION MODEL

Regional regression is performed by building a multi-re-
gressive model, which relates the QLF (dependent vari-
able) to morphoclimatic descriptors (independent vari-
ables) with the view to selecting the most influential 
descriptors for low flows regionalization – see formula 
(5) below (Vezza et al., 2010).

 QLF = β0 + β1 . x1 + β2 . x2 + ... + βp–1 . xp–1 (5) 

where:
 xi – morphoclimatic parameters of the catchment,
 βi – regression coefficient. 

To establish a regression relationship, the stepwise 
regression approach is commonly used, when the model 
is derived one step (i.e. one independent variable) at a 
time (Smakthin, 2001; Laaha and Blöschl, 2006a; Vez-
za et al., 2010). The streamflow data used should rep-
resent natural flow conditions in the catchments. This 
means that the approach will most probably not work or 
will be misleading if flow regimes analysed are contin-
ually changing under man-induced impacts (Smakthin, 
2001). Basin and climate characteristics (independent 
variables) that are the most commonly related to low-
flow indices include: catchment area, mean annual pre-
cipitation, channel and/or catchment slope, stream fre-
quency and/or density, percentage of lakes and forested 
areas, various soil and geology indices, length of the 
main stream, catchment shape and watershed perimeter, 
and mean catchment elevation (Smakthin, 2001). 

CONCLUSIONS

The paper focuses on the subject of the methods of the 
low flow characteristics estimation in ungauged sites, 
as in Poland there is no generally established proce-
dure for this purpose. Controlled sites are not a prob-
lem, where statistical methods based on various types 
of distribution of extreme value are used, i.e. Gumbel 
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method for low flow calculation (Byczkowski, 1972). 
But for uncontrolled catchments there is a need for the 
verification or updating of empirical formulas, espe-
cially since the currently used formulas for low and 
average flow calculation had been developed based on 
hydrological data for the years 1950–1980 (Wałęga et 
al., 2014). The paper considers the variety of the re-
search, as well as national procedures that have been 
applied in other countries, and the methods that can 
be adopted in Polish conditions. Information about 
low flows is essential for the quality and quantity of 
water for wildlife, for water supply and irrigation sys-
tems, for hydropower operation or recreation, and for 
water management and planning, such as optimal use 
of water resources calculation (Laaha, 2002; Laaha 
and Blöschl, 2006a; Vezza et al., 2010; Tomaszewski, 
2018). This very important issue concerns in partic-
ular the environmental flow requirements, especially 
the SNQ, which according to Polish legislation (Ust-
awa... 2017) is essential information in the context of 
water-legal permit. Still, the aforementioned Act does 
not specify the method of SNQ calculation. 

The described regional regression approach for 
low flow estimation in ungauged catchments, which 
correlates low flow indices and catchment character-
istics, is the most widely used method. The methods 
were chosen because they differ in terms of method-
ological approach to using statistical methods. Name-
ly, in cluster analysis, the similarity (or dissimilarity) 
of objects is taken into consideration, as well as sea-
sonality of the analysed phenomena using circular sta-
tistics. Also, the methods described in the article are 
“universal”, which means that they can be adopted for 
different regions, countries, including Poland; they are 
interdisciplinary, and can be adopted for low flow cal-
culation as well as average or flood flows – the first 
analysis of seasonality of flows was made by Burn 
(1997) for flood seasonality analysis, and then was ad-
opted to low flows. Also cluster analysis is a popular 
tool in hydrology, but it can also be applied in other 
disciplines, such as medicine. In fact, the first use of 
cluster analysis was in economy. 

The methods described herein, and their use in other 
countries, seem interesting and can be a useful tool for 
low flow estimation in uncontrolled catchments. How-
ever, based on subject literature alone, it is difficult to 
point which method will be the best and should be used 

for Polish catchments, as the best classification meth-
od is site dependent and cannot be chosen a priori. And 
so, the best results of regionalization in case of Austrian 
catchments were produced by the method of seasonality 
of low flows, while in Italy, regression and classification 
tree proved to be the best. Also, in order to decide which 
grouping methods perform the best, the same data set 
needs to be taken to analysis. Despite the significant 
amount of specialist knowledge, which has been accu-
mulated with the view to low flow characteristics esti-
mation, the calculation of this parameter in ungauged 
catchments seems to be limited. This is probably the 
result of fewer studies in the field of low flow compared 
to the studies of floods. On the other hand, there is an 
increasing need for the evaluation of low flow charac-
teristics, especially in small, ungauged catchments. Al-
though the paper has examined a number of recent lit-
erature sources, it is impossible to include in the review 
all the relevant publications that have been published 
during the last two decades. It is therefore possible that 
some aspects has been overlooked, and that could be a 
scope for any future study and discussion in the context 
of low flow estimation in ungauged catchments. 
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PRZEGLĄD METOD WYKORZYSTYWANYCH DO REGIONALIZACJI CHARAKTERYSTYK PRZEPŁYWU 
NISKIEGO W ZLEWNIACH NIEKONTROLOWANYCH

ABSTRAKT

Cel pracy
Celem artykułu jest przedstawienie metod szacowania charakterystyk przepływów niskich w zlewniach nie-
kontrolowanych, przegląd aktualnej literatury tematu oraz najnowszych trendów regionalizacji przepływów 
niskich. W artykule skupiono się na metodach opierających się na różnorodnym podejściu, między innymi 
statystycznym, które mogą być zaadoptowane do warunków polskich, a także sezonowości występowania 
przepływu niskiego.

Materiał i metody
W pracy powołano się na różnorodne źródła literaturowe, skupiając się przede wszystkim na tych opubli-
kowanych w ciągu ostatnich dwóch dekad. Scharakteryzowano najpopularniejsze podejścia regionalizacji 
zlewni, takie jak: metody oparte na analizie reszt, statystyki wielowymiarowe: analiza skupień, modele 
drzew klasyfikacyjnych i regresyjnych (CART) czy sezonowości przepływów niskich.

Wyniki i wnioski
Opisane w pracy podejście oparte na regresji regionalnej jest najczęściej stosowaną metodą do szacowania 
przepływów niskich w zlewniach niekontrolowanych, wykorzystujące zależność pomiędzy charakterystyką 
przepływu niskiego i parametrami zlewni. Regiony hydrologicznie homogeniczne można wyodrębnić wyko-
rzystując w tym celu metody statystyczne. Te opisane w pracy zostały wybrane ze względu na różnice w po-
dejściu metodologicznym. Dodatkowo, są one „uniwersalne” co oznacza, że mogą być stosowane w różnych 
regionach, krajach, w tym w Polsce; mają charakter interdyscyplinarny i mogą być stosowane do obliczeń 
przepływów niskich, jak również średnich lub powodziowych. 

Słowa kluczowe: przepływ niski, regionalizacja, regresja, zlewnia niekontrolowana


