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ABSTRACT

This investigation proposes the use of the analytic hierarchy process (AHP) to evaluate potential sites
for stream monitoring and broadcast of flood warnings. The methodology adopts variables established
by the World Meteorological Organization (WMO) for the selection of stream-monitoring sites and
incorporates new variables associated with the stream morphometry and hydraulics. The proposed
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approach quantifies subjective valuations through pairwise comparisons of judgements within the

selection criteria. The uncertainty of expert judgement was assessed via Monte Carlo simulations and
its effects on the resulting priority vector were analysed. This approach was applied on three main
mountain watershed streams at which 11 alternative stream-gauging sites were evaluated and scored.
According to our findings, six variables explain 0.711 of the total weight in the priority vector for the
evaluation of a candidate site. Our approach is suitable for selecting the most stable alternative location
based on a multi-criteria analysis in an inter-comparison arrangement.

1 Introduction

Reliable knowledge of streamflow variability is essential to
flood risk mitigation, water resources planning and alloca-
tion, conservation of riparian and aquatic ecosystems and
drought risk management. The Intergovernmental Panel on
Climate Change (IPCC) has warned about the poor spatial
accuracy of existing information to assess recent trends and
implement reliable climatic models in developing countries
(Magrin et al. 2014). This lack of knowledge results in
challenges for watershed management and development of
meaningful prevention, warning and mitigation mechanisms
(Krzysztofowicz 1993, Penning-Rowsell et al. 2000, Werner
et al. 2006). Accordingly, improving the hydrometric mon-
itoring in developing countries is an urgent requirement for
designing proper water management plans. However, it is
tied to the capital and operating costs of hydrometric sta-
tions and it is needed to develop not just low-cost technol-
ogies (Pefa et al. 2017), but is also highly desirable to select
the best locations to generate high quality data and intro-
duce the possibility for early flood warning systems particu-
larly in high-grade streams (Garcia-Parra et al. 2016), which
are defined as stream reaches having a water-surface slope
greater than 6%.

Site selection for installing hydrometric stations is con-
ducted based on the requirements outlined by the World
Meteorological Organization (WMO 2008). Judgement fra-
meworks for the implementation of the WMO criteria have
been rarely addressed and discussed in the literature.
Previous studies have been concerned with the optimal
design of hydrometric networks. For example, (Mishra and
Coulibaly 2009) provide a review of several methods of
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hydrometric network design, including statistical, entropy-
based and optimization methods, among others. However,
these methods have focused mostly on establishing hydro-
metric networks that reduce data redundancy between sta-
tions and maximize benefit/cost ratios. Very few studies, if
any, provide methodologies for selecting the location of
hydrometric stations based on a quantitative evaluation of
the physical characteristics of the alternative sites (Pefia
et al. 2011). The main contributions of this paper are to
implement an objective way to quantify subjective judge-
ments for the evaluation of stream-gauging site alternatives,
and to introduce new morphometric, hydraulic and safety
variables relevant in the context of flood early warning
systems and the operation of measurement instruments, in
addition to the WMO criteria.

The quantitative assessment of the weights for each
variable was performed through the implementation of the
analytic hierarchy process (AHP), which was introduced due
to its multi-criteria decision making (MCDM) ability to inte-
grate hard data with subjective judgements concerning intan-
gible factors (Kahraman et al. 2007, Saaty 2013). The AHP
has been used to solve complex decision-making problems,
including those related to finding a solution to the issue of
location (Aras et al. 2004). Key to the AHP is the pairwise
comparison procedure for deriving relative measures based
on a fundamental scale ranging from 1 to 9 (Saaty 2010).
According to Sipahi and Timor (2010), the AHP has been
applied in a wide range of fields (manufacturing, environ-
mental management, power and energy industry, transporta-
tion, construction industry and healthcare). Recent
applications showed the usefulness of AHP for solving water
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resources issues in the context of watershed management
(Chowdary et al. 2013); landfill site selection (Zelenovi¢
Vasiljevi¢ et al. 2012); flood risk assessment (Chen et al.
2011, Stefanidis and Stathis 2013); water quality monitoring
(Do et al. 2013); and groundwater pollution vulnerability
(Sener and Davraz 2013).

The aims of this paper are: (a) to introduce
a quantitative evaluation for the selection of stream-
gauging site alternatives; (b) to include additional vari-
ables to the WMO criteria for the characterization of
potential sites (these new variables are related to improv-
ing the decision in terms of considering the potential
implementation of flood early warning systems and to
guarantee the proper operation of measurement instru-
ments); and (c) to assess the uncertainty of judgements
for the site selection process via Monte Carlo simulations.
On the one hand, we show the utility of MCDM concepts
for choosing the best stream-gauging site among a set of
alternatives, and a way for assessing the effect of judge-
ment uncertainty in the decision-making process. On the
other hand, this research displays the need to complement
the WMO criteria to consider relevant site characteristics
for the broadcast of flood warnings and assure the correct
operation of measurement instruments in high-grade
streams.

2 Material and methods
2.1 Study sites

The AHP analysis was implemented in three high-grade
streams in the Colombian Andes (Combeima, Quindio and
Luisa rivers, Fig. 1) (See also the Supplementary material,
Table S1). The Quindio River is located in the Central
Andean cordillera of Colombia; the river drains an area of
about 753.5 km?, and has an altitudinal range of between
1040 and 4800 m a.s.l., with an average main channel gradient
of 13.24%. The Quindio River basin has mean annual rainfall
of 2020.5 mm and mean annual flow of 15.40 m’/s. The
Quindio River supplies drinking water to 0.3 million people
in the city of Armenia and is an important resource for
hydropower generation in the region. The Combeima River,
with a drainage area of 278.4 km” and a main channel
gradient of 12.6%, lies in the Upper Magdalena River Basin.
The watershed of the Combeima River has an altitudinal
range of between 700 and 5150 m a.s.l, mean annual pre-
cipitation of 1816.2 mm and mean annual flow of 5.60 m?/s.
The river provides drinking water for 500 000 inhabitants of
the city of Ibagué and is the primary water supply for the
Combeima irrigation district. The Luisa River drains an area
of 788.7 km” within the altitudinal range 271-3378 m a.s.l.
and has a mean annual flow of 17.87 m>/s; the main channel
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Figure 1. Potential locations of hydrometric stations in Combeima, Quindio and Luisa rivers.



gradient is about 10.9% and it provides water resources for
agricultural irrigation, hydropower generation and urban
supplies. These streams were selected because their water-
sheds are highly susceptible to flooding, and present eco-
nomic and social relevance.

2.2 Criteria for characterizing potential stations

The WMO (2008) recommends the evaluation of nine vari-
ables for selecting a stream-gauging site. These variables are
related to specific characteristics of the channel cross-section
and are defined to guarantee the stability of the site and the
stage—discharge rating curve. However, the WMO criteria
lack factors considering mesoscale effects that can be useful
to improve the selection and to implement early warning
systems. For this reason, we included eight additional vari-
ables based on the morphometric, hydraulic and safety char-
acteristics of the site (Table 1). A restriction was defined for
each variable that satisfies minimum requirements to con-
sider a site as a candidate for the installation of a stream-
gauging station. These restrictions have a physical meaning
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and a quantitative description, as shown in Table 1. We rated
each candidate site on a numerical scale by means of
a pairwise comparison matrix through a weighted linear
function of the 17 variables. The detailed procedure is
described in Section 2.3. The sign of the weight for each
variable is defined in Table 1.

An exhaustive survey of alternative stations was con-
ducted through field observations and cartographic analy-
sis. Field data were collected during low-flow conditions
and the 11 channel cross-sections were surveyed in each
study reach by standard differential levelling procedures.
Table 2 shows the normalized values of the 17 variables in
each candidate site for the three high-grade streams. This
procedure was conducted by dividing each variable by its
physical maximum in the candidate set. Details of the
cross-sections are shown in the Supplementary material
(Table S1).

In addition to the WMO criteria, the eight new variables
introduced in this study (Table 1) are related to stream
hydraulics, catchment morphometry, operational safety and
flood warning alerts. The streambed grade (X,) is relevant to

Table 1. Physical factors characterizing each station for stream-gauging site selection. The sign (+ or ) of each variable in the weighting function drives the impact
of the variable in the overall score of each candidate site; a positive value contributes to improve the score of the evaluated site, and a negative value penalizes the

overall score.

Variable Variable name Description Source Unit  Restriction  Sign in weighting
function

X Straight reach of river The watercourse should be straight in the reach WMO (2008) m >100 +
where the station is located (minimum length:
100 m)

X5 Bank erosion in the reach Banks in the cross-section should not be subject to WMO (2008) % <20 -
erosion or sedimentation and should be free of
aquatic plants

X3 Bank side slope Banks should be permanent, high enough to contain ~ WMO (2008) % >10 +
high water levels and free of bushes

X4 Bedrock outcropping Presence of geological formations: natural controls WMO (2008) % >50 +
should be unalterable; bedrock outcropping or
a stable canyon should be observed during low
flows

Xs Level difference Between the control section and a tributary: the WMO (2008) m >1 +
control section should be at a higher elevation
than the confluence with a tributary

X Cross-section length Length should be enough to measure discharge at all  WMO (2008) m >5 +
levels within reasonable proximity to the
hydrometric station

X7 Accessibility The location should be easily accessible to facilitate ~ WMO (2008) scalar >1 +
the installation and operation of the station

Xs Data transmission level The location should have access to telemetry or WMO (2008) scalar =1 +
satellite transmission equipment, if required

Xy Depth The cross-section should have a minimum depth WMO (2008) m >0.3 +
(=0.30 m)

X10 Grade Streambed grade upstream of the proposed location  This study % >1 +

Xin Slope Average basin slope with the watershed closing point  This study % >10 +
at the station location

X1z Time of concentration Concentration time at the watershed closing point This study h >1 +
(the station)

Xi3 Mean velocity in the control A minimum velocity to enable discharge This study m/s =0.15 +

section measurements is recommended (v = 0.15 m/s)

X4 Warning time Time required for the flow to travel from the This study h >1 +
hydrometric station until the receiving location of
the warning

Xis Warning distance Distance between the hydrometric station and the This study km >5000 +
receiving location of the warning

X1 Safety Exposure of the site to high waters, bank erosion and  This study scalar >1 +
theft (safety level for the installation of the
gauging-station)

Xi7 Distance from the station to The control section should be sufficiently upstream of  This study m >1000 +

tributaries

the confluence with a tributary or from tidal effects
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Table 2. Normalized variables of each alternative site for stream-gauge location. All variables are expressed with the weighting sign.

Stream Alternative Normalized value
X1 XZ X3 X4 XS X6 X7 XS X9 X10 X11 X12 X13 X14 X15 X15 X17
Combeima River Juntas (C1) 0.50 -1.00 0.14 092 0.12 044 067 067 053 085 100 069 100 100 1.00 100 0.39
Pastales (C2) 025 -0.80 0.08 0.62 0.01 042 100 100 047 1.00 084 081 063 077 065 100 074
Montezuma (C3) 1.00 -045 1.00 097 100 100 100 100 100 097 076 088 0.71 0.58 044 1.00 1.00
Libertador (C4) 020 -0.53 0,59 1.00 052 072 100 100 027 090 074 100 066 0.17 012 033 073
Quindio River La Maria (Q4) 0.13 -0.80 1.00 033 0.07 059 100 100 043 050 100 100 090 098 0.12 067 0.11
Los Chorros (Q3) 0.17 -1.00 0.24 033 0.0 057 100 100 086 1.00 1.00 097 093 094 0.13 033 1.00
Bocatoma EPA (Q2) 0.24 -0.10 0.18 1.00 0.55 1.00 100 100 043 050 100 091 100 093 052 100 033
Escobal (Q1) 1.00 -1.00 048 033 100 033 100 1.00 100 052 100 090 0.87 1.00 100 033 0.15
Luisa River Bocatoma Enerlim (L1) 033 -0.83 090 1.00 100 046 050 100 1.00 100 100 1.00 057 032 100 100 0.23
Garganta | (L2) 1.00 -1.00 100 050 016 1.00 0.50 0.50 086 023 100 100 086 095 031 100 0.98
Garganta Il (L3) 023 -099 070 1.00 090 0.79 1.00 050 078 023 100 100 100 100 029 100 1.00

assure a reliable measurement of velocity in each vertical
section during the estimation of discharge with current
meters (Geng et al. 2015, Garcia-Parra et al. 2016) and hydro-
acoustic methods (WMO 2008). Basin slope (X;;) is related to
the flood wave velocity (Biichele et al. 2006) and high values
of X;; are associated with flash floods. Time of concentration
(X1,) influences flood damage (Lugeri et al. 2010). Mean flow
velocity in the control cross-section (X;3) is crucial for travel
time estimation (X;,4) and has an impact on the uncertainty of
the flow measurements (Klijn et al. 2004, Thieken et al. 2005,
Winsemius et al. 2013, Garcia-Parra et al. 2016); a restriction
of 0.15 m/s was imposed as the minimum mean flow velocity
because a lower value can affect the stability of the control
section due to sedimentation. Warning distance (X;s)
between gauging sites and the town receiving the warning is
important in reducing the vulnerability of the population
exposed to flood risk (Hall et al. 2003, Dutta et al. 2006,
Brouwer et al. 2007, Verkade and Werner 2011, Winsemius
et al. 2013). Safety (X;6) depends on the degree of risk by high
waters, terrain instability for operators and field technicians
in the evaluated site, and risk of vandalism and theft of
equipment. Finally, distance from the site to tributaries
(X,) is important since tides and backwaters affect the mea-
surement of flow velocity and depth in the control cross-
section (Prinos 2008, Mishra and Coulibaly 2009, McIntyre
et al. 2012, Whitfield 2012).

2.3 Analytic hierarchy process (AHP) for stream-gauge
selection

The issue of selecting an appropriate site for the establish-
ment of a stream-gauging station was addressed through the
implementation of the standard analytical hierarchy process,
which is based on the opinion of experts (Saaty 2013).
Moreover, a randomized version of the AHP was implemen-
ted to deal with the uncertainty of the decision-making
process.

2.3.1 Standard AHP

The AHP is a multi-criteria decision-making technique that
assesses the impact of various subjective and/or objective
factors in the decision-making process. The AHP integrates
hard data with subjective judgements for selecting projects,
activities, schemes, or alternatives based on quantitative cri-
teria (Saaty 2013). According to Saaty (2013), there are two

kinds of decision: intuitive and analytical; intuitive decisions
are entirely subjective and are unable to be justified with
a logical argumentation, while analytical decisions imply the
need to form a judgement and compare between alternatives,
or rate them one at a time with respect to an ideal. The AHP
supports the latter kind of decision.

The AHP applies a pairwise comparison between vari-
ables to build a reciprocal rating matrix between them,
which provides the relative weight of each variable. The
comparisons were performed with the comparative scale
presented by Saaty (2013), which is composed of integer
numbers in the range 1-9. The lowest value (1) means
that both compared factors are equally important, and the
highest (9) means that one of them is much more impor-
tant than the other. The ranks of the pairwise comparison
matrix (PCM, Table 3) indicate the relative importance of
one factor (variable) over the other for the selection of
stream-gauging station sites; the pairwise comparisons
were defined by an expert group of five members, who
are professors of watershed science and hydrology at our
local universities of Tolima and Ibagué (Colombia). They
discussed and formulated specialized opinions regarding
the eight new variables that we added to the WMO
criteria (Table 1), and the quantification of the minimum,
maximum and most likely values, comparing the 17 vari-
ables in pairs to judge the level of importance in
a paired way.

Following Saaty (2013), we defined the relative weights
(W) as the normalized eigen vector of the pairwise compar-
ison matrix, also called the “priority vector”. This vector was
computed as follows:

(i) each element of column j in the pairwise comparison
matrix was divided by the sum of column j, thereby
obtaining a normalized matrix in which the sum of
each column is 1;

a main vector (MV) was obtained as the sum of each
row of the normalized matrix; and

the weight (W) is defined as the element of the main
vector divided by its total; thus, the sum of all ele-
ments of W is 1.

(ii)
(iii)

The consistency of the pairwise comparison was assessed

by applying the consistency ratio (CR), which is a scalar value
defined as the ratio between the consistency index (CI) and
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Table 3. Modal pairwise comparison matrix (PCM) for stream-gauging site selection. It must be read by rows, i.e. the importance of variable i (row i) in contrast to
variable j (col j). The lower triangular matrix is the reciprocal of the upper one. Importance - 1: equal; 2: weak or slight; 3: moderate; 4: moderate plus; 5: strong; 6:
strong plus; 7: very strong or demonstrated; 8: very, very strong; 9: extreme (Saaty 2013).

Variable X X5 X3 X4 Xs Xs X7 Xs Xo X10 X1 X1z Xi3 Xia Xis Xi6 Xi7
X 1 1/5 3 1 5 1/3 3 1 3 7 7 7 1 7 9 7 7
X3 5 1 3 3 9 1 9 5 7 9 9 9 5 9 9 9 7
X3 1/3 1/3 1 1/3 3 1/5 3 1/3 1 5 5 3 3 1/3 5 5 3
X4 1 1/3 3 1 5 1/5 3 1 1 5 5 3 1 5 5 5 3
Xs 1/5 1/9 1/3 1/5 1 1/9 1 1/7 1/3 1 1 1/3 1/5 3 3 1 1
Xs 3 1 5 5 9 1 9 3 7 9 9 9 5 9 9 9 7
Xy 1/3 1/9 1/3 1/3 1 1/9 1 1/7 1/3 1 1 1/3 1/5 3 3 1 1
Xs 1 1/5 3 1 7 1/3 7 1 1 3 3 3 1 5 5 5 3
Xo 1/3 1/7 1 1 3 1/7 3 1 1 3 3 3 1/3 3 5 5 3
X10 177 1/9 1/5 1/5 1 1/9 1 1/3 1/3 1 3 1/3 1/5 3 3 1 1
X1 1/7 1/9 1/5 1/5 1 1/9 1 1/3 1/3 1/3 1 1/5 1/7 1 1 1 1
X12 177 1/9 1/3 1/3 3 1/9 3 1/3 1/3 3 5 1 1/3 3 3 3 1
Xi3 1 1/5 1/3 1 5 1/5 5 1 3 5 7 3 1 5 7 7 3
Xi4 177 1/9 3 1/5 1/3 1/9 1/3 1/5 1/3 1/3 1 1/3 1/5 1 3 1/3 1
Xis 1/9 1/9 1/5 1/5 1/3 1/9 1/3 1/5 1/5 1/3 1 1/3 1/7 1/3 1 1/3 1/3
Xi6 177 1/9 1/5 1/5 1 1/9 1 1/5 1/5 1 1 1/3 177 3 3 1 1
X17 1/7 1/7 1/3 1/3 1 1/7 1 1/3 1/3 1 1 1 1/3 1 3 1 1

a reference value called the random index (RI). The RI
depends on the size of the pairwise comparison matrix; we
used a RI of 1.5834, which is reasonable for our pairwise
matrix size (Alonso and Lamata 2006). The CI was computed
as (Stefanidis and Stathis 2013):

An—n

Cl= (1)

n—1

where A, is the principal eigen value, which was obtained
from the sum of the products between each element of the
eigen vector (W) and the sum of columns of the pairwise
matrix; and # is the size of the pairwise comparison matrix.

Saaty (1980) proposed the CR as a criterion to assess the
relation between the CI of the evaluated pairwise matrix and
the averaged value of CI over several reciprocal matrices of
the same size whose values are random. If CR is significantly
small (0.1 or less), we can accept the consistency of the
evaluated pairwise matrix. According to Vargas (1982),
below this threshold (CR < 0.1) the following hypothesis is
plausible: the distribution function of the principal right-
eigenvector of a pairwise comparison matrix built with expert
judgement is identical to the one for a theoretically consistent
pairwise comparison matrix. Vargas (1982) conducted several
simulation experiments using the Dirichlet distribution and
truncated normal distributions to verify this hypothesis.
Therefore, it is widely accepted that a reliable empirical pair-
wise comparison matrix has a CR < 0.1 (Harker 1989, Saaty
1990, Saaty and Vargas 2012, Sener and Davraz 2013,
Stefanidis and Stathis 2013). We applied this criterion to
define consistent pairwise comparison matrices. Table 3 pre-
sents the modal PCM generated by the expert group.

Each candidate site was scored according to:

m

where §; is the global score of candidate site j, W; is the
weight of variable i, and Xj; is the normalized score of variable
i in candidate site j. The best site for discharge gauge installa-
tion is the one with the highest global score in each stream.

()

2.3.2 AHP with monte carlo simulation (MC-AHP)

Expert judgement might introduce errors and can be insuf-
ficient to choose the optimal alternative (Ayag and
Ozdemir 2006); therefore, the assessment of this uncer-
tainty is crucial in multi-criteria decision making. As
described in Section 2.3.1, the pairwise comparisons were
built with subjective expert opinions. To quantify the pro-
pagation of the judgement uncertainty to the priority vec-
tor, the nondiagonal elements of the pairwise comparison
matrix must be treated as random variables. Triangular
distribution is the most commonly used distribution for
modelling expert judgements (Vose 2008). It is defined by
its minimum, most likely and maximum values, but its
main drawback is that the mean and standard deviation
are equally sensitive to the all three parameters. When the
maximum for the distribution is large, it is prone to poten-
tial systematic bias issues in the mean. Beta-PERT distribu-
tion is exclusively used for modelling expert judgements
(Jing et al. 2013) and is recommended for this propose
because its mean is four times more sensitive to the most
likely value than to the minimum and maximum values
(Vose 2008). Therefore, it is exposed to less potential sys-
tematic bias problems than triangular distribution.

To this end, and following Jing et al. (2013), expert esti-
mates were approximated to a Beta-PERT distribution in each
nondiagonal PCM element of the lower triangle of the matrix.
The Beta-PERT distribution is a variant of the beta distribution
and is parameterized by the minimum (a), most likely (b) and
maximum (c) values. According to Vose (2008), the Beta-
PERT inverse cumulative distribution function for a given
probability p and a given set of parameters a4, b and c is
expressed as follows:

3)

where Betainv is the Beta inverse cumulative distribution
function, and

x = Betainv(p, a1, 02) X [c —a] +a

(p—a)x (2b—a—c)
(b—p) x(c—a)

(4)

o =
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Table 4. Priority vector defined by the standard AHP method and by Monte Carlo simulation (64 475 reliable PCMs).

Method Priority X-| XZ X3 X4 X5 X6 X7 Xg Xg Xm X-|-| X12 X13 X'|4 X'|5 X‘|6 X17
vector, W

Standard AHP Modal 0.097 0.199 0.058 0.071 0.019 0.195 0.020 0.074 0.050 0.021 0.015 0.034 0.075 0.021 0.011 0.018 0.021
Monte Carlo based AHP Mean 0.111 0.207 0.068 0.075 0.030 0.163 0.023 0.059 0.055 0.026 0.015 0.024 0.074 0.021 0.011 0.017 0.022
Maximum 0.135 0.235 0.090 0.097 0.049 0.202 0.030 0.079 0.069 0.034 0.017 0.033 0.093 0.031 0.017 0.022 0.029

Minimum 0.093 0.185 0.050 0.060 0.019 0.130 0.017 0.045 0.045 0.021 0.012 0.017 0.062 0.016 0.010 0.014 0.019

X (c—p) 5) According to the standard AHP method, the most important

%= (u—a) variables for the selection are the straightness of the reach

(X1), the susceptibility to bank erosion (X,), the presence of

a-+4b+c geological formations (X,), the cross-section length (Xg), the
= availability for data transmission (Xg) an e mean veloci

(6) lability for data t Xs) and th locity

6

Each element of the pairwise comparison matrix was approxi-
mated with the Beta-PERT distribution. One hundred thou-
sand (100 000) realizations were sampled from each Beta-
PERT distribution using pseudo-random numbers generated
with MATLAB, resulting in the same number of PCM sam-
ples. Given that the pairwise comparison matrix is reciprocal,
each element of the upper triangle of each PCM was calcu-
lated as the inverse of the corresponding element in the lower
triangle; the elements of each matrix were properly rounded
to preserve the comparative scale. A subset of the matrices
with consistency ratios lower than 0.1 was selected to support
the analysis with reliable random pairwise comparison
matrices, therefore a reliable PCM is defined as having a CR
< 0.1. Finally, the priority vector of each reliable PCM was
calculated by applying the same procedure described in
Section 2.3.1, and the corresponding score S was determined
with Equation (2) for each alternative and each rando-
mized PCM.

3 Results and discussion

The elements of the priority vector represent the weights of
the physical factors for stream-gauging site selection with
a consistency ratio of 0.098, which means that the pairwise
comparison matrix is reciprocal, the provided judgements are
consistent and the pairwise comparisons can be accepted.

4500 i : |

in the cross section (X;3). These six variables explain 0.711 of
the total weight in the priority vector for the evaluation of
a candidate site (Table 4). A straight reach and a wide cross-
section are associated with lower turbulence and less uncer-
tainty in discharge estimation in the studied stream (Costa
et al. 2000, Garcia-Parra et al. 2016). Low bank erosion and
the presence of geological formations in the cross-section are
related to a high stability of the cross-section, while the
presence of backwaters decreases the mean cross-sectional
velocity (Abernethy and Rutherfurd 2000, Johannesson and
Parker 2013, Loizou and Koutroulis 2016, Enlow et al. 2018).

The Monte Carlo simulation of 100 000 pairwise compar-
ison matrices resulted in 64 475 reliable realizations (Fig. 2).
This subset of realizations showed that the bank slope (X3)
and the availability for data transmission (Xg) have a similar
weight of distribution and magnitude (Fig. 3). On average, the
weight of X3 is higher than that of Xg (0.68 and 0.59, respec-
tively, see Table 4), which cannot be seen with the standard
AHP analysis. This underlines the advantage and importance
of considering the judgement uncertainty in the multicriteria
decision method. Despite this difference, the overall perfor-
mance of the standard AHP method is very close to the
priority vector range obtained with the Monte Carlo simula-
tion (Fig. 3).

Global scores based on the standard AHP approach for
each alternative site (Table 5) reveal that the best alternatives
correspond to the Montezuma site (Combeima River), the
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Figure 2. Histogram of consistency ratio for 100,000 realizations of the pairwise comparison matrices with the Beta-PERT distribution. Realizations are classified as
reliable with a CR lower than 0.1 and displayed in blue, inconsistent realizations (CR > 0.1) are displayed in red.
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Figure 3. Weights defined with the standard AHP method (red squares) and applying Monte Carlo simulations (64 475 reliable realizations) with the Beta-PERT
distribution (simulation interval in grey and mean value represented by black circles).

Table 5. Weighted variables and overall score of each candidate site with the standard AHP. Shaded rows indicate the best alternative sites.

Stream Alternatives Weighted value S;
X X2 X3 Xa X Xe Xz Xg Xo Xio X X Xz X Xis Xie Xiz
Combeima River Juntas (C1) 0.049 -0.199 0.008 0.066 0.002 0.087 0.014 0.049 0.027 0.018 0.015 0.023 0.075 0.021 0.011 0.018 0.008 0.292
Pastales (C2) 0.024 -0.159 0.005 0.044 0.000 0.081 0.020 0.074 0.024 0.021 0.013 0.027 0.048 0.016 0.007 0.018 0.015 0.279
Montezuma (C3) 0.097 -0.090 0.058 0.069 0.019 0.195 0.020 0.074 0.050 0.021 0.011 0.030 0.053 0.012 0.005 0.018 0.021 0.665
Libertador (C4) 0.019 -0.105 0.034 0.071 0.010 0.141 0.020 0.074 0.013 0.019 0.011 0.034 0.050 0.004 0.001 0.006 0.015 0.418
Quindio River  La Maria (Q4) 0.013 -0.159 0.058 0.024 0.001 0.116 0.020 0.074 0.022 0.011 0.015 0.034 0.068 0.020 0.001 0.012 0.002 0.332
Los Chorros (Q3) 0.017 -0.199 0.014 0.024 0.002 0.112 0.020 0.074 0.043 0.021 0.015 0.033 0.070 0.020 0.001 0.006 0.021 0.295
Bocatoma EPA (Q2) 0.023 -0.020 0.010 0.071 0.011 0.195 0.020 0.074 0.022 0.011 0.015 0.031 0.075 0.020 0.006 0.018 0.007 0.589
Escobal (Q1) 0.097 -0.199 0.028 0.024 0.019 0.065 0.020 0.074 0.050 0.011 0.015 0.030 0.065 0.021 0.011 0.006 0.003 0.342
Luisa River Bocatoma Enerlim (L1) 0.032 -0.165 0.052 0.071 0.019 0.090 0.010 0.074 0.050 0.021 0.015 0.034 0.043 0.007 0.011 0.018 0.005 0.388
Garganta | (L2) 0.097 -0.199 0.058 0.036 0.003 0.195 0.010 0.037 0.043 0.005 0.015 0.034 0.064 0.020 0.003 0.018 0.020 0.461
Garganta Il (L3) 0.023 -0.197 0.041 0.071 0.017 0.154 0.020 0.037 0.039 0.005 0.015 0.034 0.075 0.021 0.003 0.018 0.021 0.398

Bocatoma EPA site (Quindio River), and the Garganta I site
(Luisa River). Montezuma is the most recommendable site in
the Combeima River because it has the highest and more
stable bank slopes compared to the other alternatives, and
because of the straightness of the reach with the best geome-
try to confine the flow. The highest score of the Bocatoma
EPA site in the Quindio River is mainly explained by the high
stability of the cross-section, which is expressed by dominant
bedrock material and the lowest bank erosion value compared
to sites Ql, Q3 and Q4 (Fig. 1). In the Luisa River, the
Garganta I site presents lower susceptibility to bank erosion,
the straightest reach compared to sites L1 and L3, and the
widest cross-section (see Table S1).

The best alternative locations found through Monte Carlo
simulation are consistent with the standard AHP results. As
can be seen by comparing scores shown in Table 5 and Fig. 4,
there is a satisfactory agreement between the standard AHP
approach and the Monte Carlo experiment. This would
appear to indicate that AHP is a powerful and useful method
to be apply in choosing the most appropriate location for
a stream-gauging site.

The reliability of discharge estimation using rating curves
is strongly linked with the stability of the channel morphol-
ogy (Halliday 2007), i.e. small changes in cross-section geo-
metry result in changes in the relationship between stream
discharge and stage (Ibbitt and Pearson 1987, Thomas 1988).
Therefore, stream-gauging stations must be placed in stable
cross-sections. The approach developed in this research is
suitable for selecting the most stable site based on a multi-
criteria analysis in an inter-comparison arrangement. Our
results show that the AHP could be a promising way to
quantify subjective judgements for the selection of the best
candidate site to establish a stream-gauging station. These
findings affirm that the uncertainty of expert judgements
most likely has a marginal effect on the final scores of the
alternative locations.

Entropy-based approaches (Sarlak and Sorman 2006),
geostatistical methods (Bastin et al. 1984, Chen et al. 2008)
and optimization techniques (Bastin et al. 1984) have been
frequently applied for the design of hydro-meteorological
networks. The selection of sampling sites in water science
has been frequently based on optimization techniques
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(Dixon et al. 1999), spatial statistical analysis (Do et al. 2012)
and genetic algorithm-related approaches (Perez-Pedini et al.
2005). This shows important advances have been reached for
the design of streamflow networks and sampling networks on
a statistical basis. Nonetheless, known methods applied for
choosing a stream-gauging site are based on the qualitative
assessment of the morphometric conditions in the cross-
section and the related reach (WMO 2008), and quantitative
approximations for the optimal selection of a specific site are
scarce. Progress to date for developing methods to select
potential stage and discharge monitoring stations based on
multi-criteria analysis is still poor, and AHP could be a future
direction for such research.

The selection of a stream-gauging site (Meyer et al. 2009)
requires an expert judgement criterion (Kron 2005). As found
in this study, such a process may introduce uncertainty in the
assignment of weights, which can be addressed through
Monte Carlo simulations.

4 Conclusions

The proposed methodology offers an alternative for the
assessment of in-stream monitoring sites and for selecting
the best potential stage monitoring site. Based on pairwise
comparisons, the weights assigned to each variable can be
readily modified to adapt the method to specific study areas
or instrumentation aims.

The quantitative evaluation of each candidate site related
to the stability of the cross-section is useful to assess the best
alternative site. Thus, the proposed AHP approach for select-
ing stream-gauging sites contributes to the robustness of the
rating curves and reliability of the hydrometric data recorded
by the stations. Certainly, definition of weights affects the
result of the weighting process. In our analysis, we prioritize
features of the candidate site linked to the stability of the
cross-section and reach. The proposed method preserves the
WMO criteria in a quantitative way and incorporates addi-
tional criteria. The main advantage of the quantitative analy-
sis is the introduction of an objective basis in the process via
the analytic hierarchy process. Future research should

consider the comparison of this method with other multi-
criteria techniques.
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