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1. Infroduction

ABSTRACT: Climate change has generated alterations in hydrometeorological variables
behavior, accentuating extreme events, especially those related to precipitation, which
is a key phenomenon in the design and planning of territorial hydraulic structures.
This research shows the rainfall regionalization in the department of Boyaca, Colombia,
through the application of Cluster and Andrews Curve and validation of L-moments,
as input for a hydroclimatological characterization that can feed hydrological methods
or models in the region, resulting in 8 homogeneous areas of maximum annual
precipitation..

RESUMEN: El cambio climatico ha generado alteraciones en el comportamiento de las
variables hidrometeorolégicas acentuando los eventos extremos. Esta problematica ha
incentivado un incremento en la ocurrencia de eventos macroclimaticos, especialmente
los referidos a precipitaciones; fendmenos claves en el ordenamiento territorial y
diseno de estructuras hidraulicas. Esta investigacion muestra la regionalizacion de la
precipitacion en el departamento de Boyacd, Colombia, a través de la aplicacion Cluster
y Curva de Andrews y validacion de L-momentos, como insumo para una caracterizacion
hidroclimatoldgica que pueda alimentar métodos o modelos hidrolégicos en la regidn, y
teniendo como resultado 8 dreas homogéneas de precipitacion maxima anual.

in adequately characterizing the hydrological reality and
quantifying variables in contribution areas [3].

UNIVERSIDAD
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Among the problems associated with the issue of water
and climate change in Latin America, the decrease in
rainfall regimes in arid areas, melting glaciers, and
difficulties with water supply for domestic, agricultural,
and energy production can be found [1]. This region has
shown discontinuity and uncertainty in the reliability of
historical climate series, which makes the spatio-temporal
characterization of the variables complex to determine [2].
The reliability of hydroclimatological data is fundamental
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Climate action impacts human development, directly
influencing health, economy, territorial planning, risk
management, and migratory processes [4]. Water, as
a limited resource, has decreased in quality over time;
therefore, there is a need to implement strategies and
tools to control water resources, such as hydrological
models, ecological and climatic classification, flow
evaluation, design, regulation scenarios, and hydraulic
works [5, 6].

Likewise, control and planning tools for urban and

rural basins are gaining importance in water resource
planning [7].
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One analysis source of these strategies is the knowledge
of the homogeneous hydrological regions of a certain
study area [5].

Hydrological or climatic regions relate to the union of
zones that occupy a geographic area that are connected
by their high degree of similarity in their hydrological
response or climatic behavior. The regions are identified
to group, synthesize, and determine information about
areas that are not gauged, to be able to carry out
analysis and diagnoses and to develop projects regarding
the use of water resources, as well as to formulate
programs based on water conservation, land use,
planning, flood prevention evaluation, among others
[8].  There are various regionalization methods for
hydrometeorological variables: the following stand out:
Principal Component or Cluster Analysis [9], potential
multiple regression equations [2], partial least squares
regression analysis [10], Andrews Curve, Seasonality
Index, Classification Trees, Pattern Approach residual [11],
Canonical Correlation [12].

This article consolidates the homogeneous hydrological
regions in the Department of Boyacd using two
methodologies:  Cluster analysis, which consists of
grouping a homogeneous variable [13], and Andrews
Curves [14]. All of this aims to generate a regionalization
proposal that allows the transferring of Precipitation
information to non-instrumented areas. Regionalized
climate series is a necessity in reliable hydrological
modeling at a high-resolution level and for case studies in
rural and urban basins [15].

2. Methodology
The study area is the Department of Boyac3,
Colombia, located in central Colombia. Its harsh

topography generates the existence of variability in
its hydroclimatological conditions, with the presence of
all thermal levels and temperatures. In some parts of
its extension, some areas are not gauged, generating
insufficient knowledge of hydrological behavior [16], as
well as the existence of hydroclimatological series that do
not comply with the parameters established by the World
Meteorological Organization (WMO).

The stations within and around the study area, with
information on annual Rainfall maximums, were provided
by the IDEAM (Institute of Hydrology, Meteorology and
Environmental Studies, Colombia). The definition of
the study period for precipitation was based on the
periods suggested by the WMO, using at least 30 years
of precipitation data [12], considering that the time
series should not be too short, avoiding increasing the

estimation errors of statistical parameters such as the
quartiles, producing the wrong selection of stations [17].
Additionally, the aforementioned selection of study period
entirely agrees with the provision of Colombian legislation
associated with risk management policies in the country
[18].  Prior to the hydrometeorological regionalization
study, the pre-processing of the unified historical series of
maximum monthly precipitation is accomplished through
the identification of tests of independence, seasonality,
and stability in the mean of homogeneity. The above
uses the Grubbs-Beck, Waldwolfowitz, and Mann-Whitney
tests, respectively.

Regionalization by Cluster or cluster analysis

Statistical cluster analysis has been effectively used in
climatic and atmospheric studies, mainly in determining
homogeneous climatic regions based on historical
meteorological series [5]. This exploratory cluster
analysis splits the daily Maximum Rainfall data series into
sets with similar characteristics. Most methods rely on the
distance between the means of two groups being greater
than the mean distance within a group [12]. The main
clustering algorithms are hierarchical, non-hierarchical,
and combined [6, 19].

The non-hierarchical technique, often called k-means
clustering [6], is more flexible than hierarchical clustering
[19]. The method consists of preselecting the number
of clusters k, randomly choosing the centroids or time
series of each group, assigning grid cells to the most
similar centroid, recalculating centroids by averaging
all-time series assigned to that centroid, and iterating
until convergence.

Hierarchical Clusters consist of constructing a
tree-shaped structure called a dendrogram, where
the number of groupings gradually increases or decreases
depending on the distance defined by the expert. The ideal
cutting distance corresponds to the height of a visible
number of groups [19, 20]. This method is helpful in
exploratory analyses and has been preferred in studies
defining climate regions [5].

For the region under study, the Hierarchical Clustering,
Centroid, and Ward methods [20] are applied.

The first hierarchical method worked was Ward's or
minimum variance, which groups with a minimum
information loss criterion, based on sums of squares [21].
The method starts at zero and then grows as groups are
merged [5].

The second method was Within, which determines
the distance between two clusters as the average of the
distances between all cluster pairs [22], thus measuring
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their homogeneity [23].

The cut level in the dendrogram is defined arbitrarily
through the choice of the distance criterion method,
considering that this is a measure of similarity between
elements. It indicates that the greater the magnitude, the
lower the probability they belong to the same group [24].
The cluster extension validity index used is the Euclidean
distance (d), defined in the Equation (1):

Pearson correlation

d=1 (1]

Time series (Two sources)

A higher correlation is equivalent to a smaller Euclidean
distance and dictates probable clustering [6].

Regionalization by Andrews curve

This method corresponds to a graphical approach
developed by Andrews (1972), implemented to establish
similarity patterns in multiple dimensions for certain
variables. A point in multidimensional space is
represented in a curve as described by the function
seen in Equation (2] [14]:

ft) = S . sin(t) + x3 cos(t) + x4 sin(2t)

V2 (2)
+ x5 cos(2t) + e sin(3t) + xz7 cos(3t) . ..

Where:

f(t)= Harmonic function of the individual (multidimensional
point)

x1, x2, x3... xn = Individual variables (Maximum annual
Rainfall)

t= Variable of the harmonic function (—mam))

The difference between the two curves, each
corresponding to its behavior in the maximum annual
Rainfall series, will mean a greater or lesser degree of
homogenization. Taking the above into account, groups
of similar stations are visually identified by representing
them as a band of spatially close curves [13, 25] that allow
the generation of a region.

Validation of homogeneity of regions through L -
Moments

The homogeneity of the groups and identification of
regional distribution for each group is validated using
the L-Moments method [26]. They are defined as linear
functions of probability-weighted moments, robust to
outliers and unbiased for small samples [27]. Where the
data (x1: n) are initially sorted in ascending order of 1
and the first four probability weighted moments (PWMs)
formulated by Hosking and Wallis (1997) are determined,

which are defined in Equations (3] to (5):
Bo = % Z?:l Ly
A= %Z?:Q Lj [%]
_ 157 (G=D)=*(j—2)
Bo= 32 i3 [(571)*(1172)

1 j—1)%(j—2)*(5—3) |
’83 ~n 2?24 Zj [((’1‘17—1))*((31—2))*((11—?3)_

} (3)

The L moments are defined as set out in Equation (4] [28]:

Li =5
L3z =682 — 681 + Bo (4)
Ly =281 — o
Ly =2083 — 3082 + 1261 — Bo
Where:
L1=average

L2 = degree of dispersion or L-Cv

L3 = asymmetry or L-bias

L4 = kurtosis or L-Kurtosis

L-coefficients of variation, skewness and kurtosis, are
defined by Equation (5) [28]:

Mean (t1) = Ly
L—Cv (tz) = % [5]
L — asymmetry (t3) = %Z

L — kurtosis (t4) = %

Table 1 comprehensively lists the guidelines for
characterizing the relative magnitude of L- Cv and L
- skewness for a data series, magnitudes that should be
similar in a homogeneous region.

Discordance tests of defined regions are used to analyze
regions whose L moment relationships are discordant with
the overall data [28]. Regions with a discordance measure
greater than 3 are considered discordant in relation to the
collective behavior of the proposed grouping, are defined
by Equation (6) and (7] [27].

Di=1/3(u; —U)" « A~ % (u; — U) (6)
Where:

u; = Ltitgitgi]T

n =

A= 50 (w—U)(wi - U)"

N = number of stations in the region.

ui= Transposed vector of the product of t1, t2 and t3
U = station group average

A = sample covariance matrix

The critical range of the discordance indicator Di is a
function of the number of stations that constitute the
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Table 1 General descriptions of the relative magnitude of the L Moments

L- coefficients of variation L- asymmetry
Worth Description Worth Description
0.0<|t2]<.025 Minimum variability t3=0.0 Symmetrical distribution

0.25<|12]<0.075

Minor variability

0.0<t3<0.05 Minor Bias

0.075<1t21<0.15

Moderate Variability

0.05<t3<0.15 Moderate bias

0.15<|t21<0.4

Great Variability

0.15<t3<0.3 Big bias

0.4<|t2]

Very great variability

0.3<t3 Very biased

Source: L-RAP User’s Manual, 2011

region [28]. A homogeneous region is evident when its
underlying distribution is the same for the stations that
compose it. Therefore, it is necessary to analyze its
degree of homogeneity or heterogeneity. Hosking & Wallis
developed the heterogeneity measure for hydroclimatic
regions H1, as an indicator of the degree of heterogeneity
in the L-Moments-ratios for a group of stations. This
statistical test measures the relative variability of the
coefficient of Variation (L-CV]), H2 measures the variability
in L-Bias, and H3 measures the variability in L-Kurtosis
[29], defining those shown in Table 2 as critical values.

Table 2 Critical ranges of heterogeneity

Heterogeneity Criterion
Homogeneous H<2
Possibly heterogeneous 2<H<3
Heterogeneous H>3
Source: Wallis et al., 2007

The weighted standard deviation of the L-CV is determined
through the application of Equation (8):

V—{W}é

Z?’:l N;
H, = V—py

oy

(8)

Where:

pv = standard average V
ov=standard deviation V
H1 = homogeneity indicator

2.1 Results

In the definition of hydroclimatological regions of the
department of Boyaca, the range between 1984 and 2018
was taken as the study period for the rainfall variable.
The study period was defined to make use of the greatest
number of stations possible and to guarantee the spatial
coverage of the study area, in order to obtain greater
reliability in the results.
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Figure 1 Geographic location of the stations

Of the 160 hydrological stations with precipitation
measurement, operated by IDEAM with influence in the
department of Boyacd, 134 stations with pluviographic
and rainfall readings were selected. When analyzing the
information provided by IDEAM, 11 stations were discarded
because they did not present a precipitation record within
the defined study period, and 15 stations since they did
not comply with the Waldwolfowitz and Mann - Whitney
tests with a significance level of 1%. as seen in Table 3 and
Figure 1.

Table 3 Number of Precipitation Stations that were accepted or
rejected during the statistical tests

Test Test Mann

Season Period study Waldwolfowitz ~Whitney Worked
Accepted 149 141 140 134
Rejected eleven 8 9 fifteen
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Figure 2 Andrews curves Region No. 10

Definition of rainfall regions

From the application of the multivariate statistical method
of Andrews Curves, a total of 29 regions were determined,
taking into consideration the morphology of the curves and
the smallest possible Euclidean distance, since when the
variables are closely spaced, a more significant similarity
is presented, as seen in Figure 2.

After the application of the Hosking and Wallis tests,
as a complementary methodology implemented to verify
the definition of the formed groups, it was feasible to
observe the acceptance of 17 regions comprised of
three or more stations, while 5 do not comply with the
corresponding values of H when applying the Andrews
method.

The application of the Hosking and Wallis tests to verify
the definition of the formed groups through the Andrews
method, managed to determine the acceptance of 13
regions composed of three or more sub-basins, while 8
areas did not pass the homogeneity test - H, and 5 were not
analyzed as each was composed of less than three stations.

To set the cluster, a dendrogram was generated by
each of the methods presented in the methodology, where
the gradual grouping of the clusters can be seen, with
respect to the Euclidean distance. Figure 3 illustrates,
as an example, the Ward Cluster method, for the series
of maximum daily Rainfall, of the total stations. The
decision criteria for the number of clusters were looking
for a number of suitable regions that would allow drawing
an imaginary horizontal line at that distance from which
considerable jumps are generated.

The Within Groups method for the annual daily maximum
Rainfall series, from the total of the stations, yielded a
total of 5 regions with an Euclidean cut-off distance of 15,
of which 4 regions do not meet the mean of heterogeneity.
A station without grouping or atypical occurs, presenting
inconsistency. In the Ward Cluster method, for the daily

mbine

uster Col

Distance Cl

Rescaled

e B

Figure 3 Ward dendrogram for the maximum daily rainfall
series

maximum Rainfall series, it allows for the identification of
5 regions, with a cut-off distance of 1.5, of which no region
met the mean of heterogeneity.

The discordance indicator made it possible to filter
out the highly discordant stations with respect to the
identified regions, and thus, it was possible to define
the stations that required a data quality analysis and/or
their behavior resembled another region or required the
generation of a new one.

The precipitation regions emerged by grouping the
Thiessen polygons of stations associated with the same
region, because of the L-moment analysis, complying with
the hypothesis of homogeneous hydrological behavior and
assuming that they should produce similar responses,
regardless of the neighborhood. Of the seasons, 8 regions
were obtained, which can be seen in Figure 4 and Table
4, which meet the critical ranges of heterogeneity for
homogeneous regions (H<2) and discordance. However,
the results showed four stations without grouping as they
presented atypical behavior.

It is highlighted that regions 3 and 5 obtained negative
H2 and H3 values, characteristics of lower dispersion
between the historical series related to the standard
dispersion of L-Bias and L-Kurtosis.

During the investigation, uncertainty is identified due
to acquisition errors and related data such as: erroneous
precipitation readings, failures in the measurement
equipment, disturbances due to the environment in which
the measuring instrument is located, insufficiency of
the rainfall network having considered the orographic
variability of the area and randomness in the presence
of extreme events in the study area. Similarly, within the
systematic process of information analysis, uncertainty is
established in the definition of the method for completing
missing data, the definition of the study period, continuity,



L. N. Garavito-Rincon et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 113, pp. 106-113, 2024

Table 4 Heterogeneity of Rainfall regions, department of Boyaca

Region  No.Seasons L-CV L-SKEW L-KURT L-FIVE H1 H2 H3
1 fifteen 0.1 0.175 0.23 0.099 1.23 1.78 1.32
2 16 0.083 0.055 0.131 0.045 0.85 1.51 1.68
3 28 0.101 0.109 0.181 0.042 1.84 0.33 -0.61
4 twenty-one 0.088 0.038 0.119 0.004 1.65 0.55 1.22
5 23 0.075 0.035 0.151 0.025 0.5 -0.61  -1.12
6 14 0.096 0.046 0.146 0.016 0.36 1.58 1.17
7 7 0.095 0.097 0.118 0.007 1.46 1.46 1.45
8 6 0.109 -0.146 0.157 -0.003 1.75 0.75 0.46

precision, and representativeness of the maximum annual
rainfall series.
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Figure 4 Regions of maximum precipitation in the department
of Boyaca

At a global level, the application of statistical techniques
such as Cluster, Andrews curve and L-moments have been
used in the definition of homogeneous Rainfall regions.
In Colombia, considering this type of regionalization, the
application of the hierarchical cluster method for the
regionalization of monthly precipitation in the Valle del
Cauca stands out [30].

For the Cundiboyacense antiplane, a previous study
was conducted, where rainfall regions were determined
for multi-year dry and humid periods through the Principal
Component Analysis method [31], which obtained as a
result of homogenization four regions in the dry period
and three for the humid season, but only a homogenized
region for the area analyzed in the department of Boyaca.
In comparison to these results, in the current research,
five regions were determined for the same area analyzed
in that study. Regarding the maximum annual Rainfall,

multiannual Rainfall for dry and humid periods has not
been considered.

Another investigation regionalized the patterns of
the IDF curves in Boyacd using isolines, a product of
the analysis of 20 stations and an error through the
cross-validation technique of 10% [32], differing from the
present investigation, in which the study was developed
with 134 stations and the proposed regions were validated
through the L-moments method and discordance tests.

Likewise, it is noteworthy that this type of regionalization
is the basis for the formulation of IDF curves in the
Department of Boyaca and Colombia, taking into account
that the most widely used methodology is the one proposed
by Diaz-Granado [33] and that it can also be, as the present
case, subject to greater delimitation by region, taking into
account sectoral climatic variations, and reducing the
associated uncertainties due to the absence of greater
discretization.

3. Conclusions

The creation of homogeneous regions is considered a
tool to know the hydrological behavior of areas that are
not measured or with discontinuities in measurements,
allowing the development of projects aimed at the
management of water resources.

By combining two multivariate analysis methodologies,
such as Andrews and Cluster curves, and regional
frequency analysis based on L-moments, a total of 8
homogeneous regions were obtained. This combination
is formulated under the assumption that the historical
series of the stations have identical distributions, serial
independence, and magnitudes vary by a scale factor.

The Cluster and Andrews Curve regionalization methods
are susceptible to error, given the subjectivity in defining
the clusters.

From these results, it was found that the centroid
chaining method is available for the definition of atypical
stations, grouping them independently at the beginning of
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the agglomeration process, which is why it was not taken
into account during the definition of the regions.

When comparing the methodologies used, the similarity
is found in the station regions with the greatest
magnitude in maximum daily Rainfall.  Unlike those
of smaller magnitude, the Andrews method allows greater
discretization.

The regions obtained are characterized by the fact
that the stations that compose them are not necessarily
adjacent to each other; the regionalization spatially divides
the study area into 8 quasi-homogeneous areas, with
respect to the historical behavior of the maximum annual
precipitation.
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