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Centinela: an early warning system for the water quality

of the Cauca River

Carlos Vélez, Leonardo Alfonso, Arlex Sánchez, Alberto Galvis and

Gilberto Sepúlveda
ABSTRACT
The Cauca River is the drinking water source for 1.3 million inhabitants of the city of Cali, Colombia.

Although the river discharge is sufficient to handle the water demand of the city all year long,

significant water pollution events cause frequent disruption to the Puerto Mallarino Treatment Plant

(PMTP) and the water supply service, with substantial social and economic impacts on the city. The

sources of pollution include wastewater discharges upstream of the PMTP and important sediment

transport from the upstream sub-catchments during heavy rainfall events. Both situations can lead to

a closure of the PMTP when the presence of a pollution plume at its intake is evident. This paper

presents the design and prototype of a water quality early warning system to anticipate the peaks of

pollution in the river, in order to assist the operators in taking timely informed decisions about the

operation of the treatment plant. As the published experiences of early warning systems for similar

water pollution problems are very limited, the approach to solve the problem using hydroinformatics

technologies is worth documenting for utility companies with a similar problem.
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INTRODUCTION
Drinking water sources must maintain certain quality stan-

dards in order for treatment systems to guarantee the

delivery of safe drinking water to users. Treatment processes

are designed to be operated with source waters that may

fluctuate within certain water quality limits. However, if

the characteristics of the source suddenly exceed these

limits due to occasional contamination events upstream of

the intake, the risk of supplying water that deviates from

the standards increases. In this situation, operators have

two options: either modify the operation of the treatment

(e.g. add more chemicals) or close the intake for a period

of time and resume operation once the pollution plume

overtakes the treatment plant. In both operational scenarios

the treatment process is disrupted. In the former, the risk of

producing poor water quality is increased and, as a conse-

quence, the risk of outbreak of water-related diseases is
increased. In the latter, the lack of water supply may have

negative effects in the distribution system, causing com-

plaints from users and loss of revenue for the utility

company, and other issues related to the supply intermit-

tency such as contamination intrusion, back siphonage, etc.

Early warning systems (EWS) have been recognized as

important tools to reduce the negative effects of contami-

nation events of water sources for water supply systems

(Grayman et al. ). The International Strategy for Disas-

ter Reduction of the United Nations defines early warning

as ‘the provision of timely and effective information, through

identified institutions, that allows individuals exposed to a

hazard to take action to avoid or reduce their risk and pre-

pare for effective response’ (UN-ISDR ).

EWS may play an important role by identifying

critical contamination events in real time and generating
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information for operators and the community, so that

informed decisions can be made (USEPA ). The analysis

made by Grayman et al. () on data from 153 water

supply systems from the USA, Canada and the UK shows

that 90% of these utility companies consider EWS as an

important tool. However, the survey also shows that less

than 50% of the plants have any type of EWS in place. In

terms of the warning time that operators have to respond

to contamination events, only 16% reported that they

always have sufficient time, 56% reported insufficient warn-

ing time in half of the critical events and 23% do not have a

warning signal at all. This situation has been changing since

2001, especially in the USA where the threat of intentional

contamination of water supply systems has forced auth-

orities and utility companies to increase the water security

by developing vulnerability assessments and emergency

response plans (Roberson & Morley ).

In recent years, significant attention has been given to

EWS in the context of water-related disasters such as tsuna-

mis (Hadihardaja et al. ), flooding (Abebe & Price

; Krzhizhanovskaya et al. ; Miyamoto et al. ;

Pyayt et al. ) and debris flows (e.g, Romang et al.

), because of the human casualties and the economic

losses caused by these events. In contrast, less attention

has been given to EWS in the context of pollution of drink-

ing water sources.

In EWS for water supply systems, considerable research

has been concentrated on the development of monitoring

indicators. Some examples are: Balk et al. () on biologi-

cal indicators; Tryland et al. () on faecal contamination;

and Izydorczyk et al. () on cyanobacteria in reservoir

waters. Other studies have concentrated on the use of hydro-

dynamic models to identify possible locations for early

warning monitoring stations (Kawka & Cousson ).

Latest research has focussed on the detection of intentional

contamination in the distribution systems rather than transi-

ent pollution in the water source. This is perhaps because

distribution systems are considered more vulnerable than

water sources (USEPA ). Authors of comprehensive

reviews on EWS have concluded that more research is

needed on strategies for design and implementation of

EWS. For instance, research is needed on sensor selection

and location, definition of triggers that may lead to a gener-

ation of warnings and how to translate data into information
om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
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useful for decision makers (USEPA ; Quansah et al.

; UNEP ).

This paper contributes to the research in the area of

designing EWS for water sources used for water supply sys-

tems. It is focussed on detecting transient pollution and

generating information useful for the operation of water

treatment plants (WTP). A real case study is used to present

methods and approaches to design an early warning system

for the water quality of the Cauca River that is the main

source of water for the city of Cali (Colombia). The design

includes the evaluation of sensors and monitoring stations,

data processing, modelling, and communication to support

decision-making. Existing and customized hydroinformatics

tools were used to process data and develop a web-based

prototype named Centinela. This paper corresponds to an

extended version of the paper presented at the 10th Inter-

national Conference of Hydroinformatics (Vélez et al. ).
EWS FOR WATER SOURCES

According to the Inter-Agency Secretariat of the Inter-

national Strategy for Disaster Reduction (UN ), a

complete and effective early warning system comprises

four inter-related elements: risk knowledge, monitoring

and warning service, dissemination and communication,

and response capability. Even though these elements are

associated with disaster reduction, we used them here to

schematize the main components of an EWS for water

sources of treatment plants.

Risk knowledge

Risks arise from the combination of hazards and vulnerabil-

ities at a particular location. Assessments of risk requires

systematic collection and analysis of data and should con-

sider the dynamic nature of hazards and vulnerabilities

that arise from processes such as urbanization, rural land-

use change, environmental degradation and climate

change (UN ). An interesting initiative is the US

Source Water Protection Plans, which focused on diminish-

ing pollution coming from agriculture on source water by

implementing improved voluntary practices at a local

level. In the case of WTP, the hazards on the catchment of
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the water source should be assessed. The vulnerability is

associated with the constraints of the WTP to deal with

the peaks of pollution and the flexibility to adjust the pro-

cesses to those fluctuations in the water quality.

Monitoring and warning service

The monitoring equipment is the basis of this component.

The sensor must have the capability to detect the presence

and intensity of hazardous contaminants in the water

sources. In addition, methods should be developed to

assess the data of detected contaminants, determining the

nature of the contamination event, the concentration of

the pollutants and the time that they may affect the water

at critical points, like the intake of a treatment plant (Gray-

man et al. ). Mathematical models may be developed to

predict the movement of the contaminant in the water body.

The warning services are the core of the EWS. There

must be a sound scientific tool for the generation of reliable

forecasts and warnings. Continuous monitoring of hazar-

dous contaminants is essential to generate accurate

warnings in a timely fashion (UN ). In WTP, warning

services for different contaminants should be available.

In general, the monitoring and warning service should

have the following functions (USEPA ): provide a

rapid response; screen for a number of contaminants while

maintaining sufficient sensitivity; operate as an automated

system that allows remote monitoring and operation;

reduce the number of incorrect warnings to the minimum

(false-positives/false-negatives); operate continuously.

Dissemination and communication

This component requires the use of communication infra-

structure to disseminate the information to the target

groups (e.g. the utility’s operational and managerial staff).

A careful selection of target groups and level of information

transmitted must be carried out. Clear messages containing

simple, useful information are critical to enable proper

responses that will help decision making. The use of mul-

tiple communication channels is necessary to ensure that

all the people who must be warned are reached, to avoid fail-

ure of any channel, and to reinforce the warning message

(Grayman et al. ).
s://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
Response capability

Decision makers must understand warning signals and

know how to react to them and therefore education and pre-

paredness programmes play a key role (UN ). Options

for operating treatment plants during a critical pollution

event can include closure of intakes, use of alternative

intakes and modification of treatment processes. The pres-

ence of varying amounts of raw water storage, finished

water storage, and alternative water sources influences the

possible actions of the water utility during a contaminant

event (Grayman et al. ).

In general, an EWS for the water source should be

conceived as an integral part of the water supply

system. To become a widely used, effective, and reliable

part of the system it should demonstrate the character-

istics and components presented above. In the next

section the design and prototype of a Water Quality

Early Warning System (WQ-EWS) to anticipate the

peaks of pollution of the Cauca River in Colombia is pre-

sented, following the components described above, but

concentrating mainly on the monitoring and warning

service element.
DESCRIPTION AND METHODOLOGY FOR THE CASE
STUDY OF CALI

Cali is the third biggest city in Colombia, with a population

of 2,075,380 inhabitants in 2005 (DANE ). The main

source of water for the city is the Cauca River, which

supplies 77% of the demand of the distribution system.

The Cauca River is the second largest river in Colombia

and is used for different purposes: as a source for drinking

water, as a waterway for transportation of goods, for recrea-

tion, irrigation, a water source for industry, generation of

electricity, extraction of sand and gravel and as a final

receiving system of both treated and untreated wastewater.

Figure 1 shows the Cauca River crossing the city of Cali

from south to north. The map also shows seven tributary

rivers that cross the city. These tributaries also serve as drai-

nage of part of the city, which includes some combined

sewer overflows.



Figure 1 | Map of the main rivers and drainage system of Cali, Colombia. Shaded area

indicates the urban boundary.
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Water quality-related risk in Cali, Colombia

As discussed above, risk arises from the combination of

hazards and vulnerabilities. For the particular case of

Cali, the hazard is associated with pollution events that

deteriorate the water quality of the Cauca River, while

the vulnerability is associated with the impact of the

WTP operation on the population. Two possible oper-

ational alternatives are distinguished under a pollution

event: to close the intake of the treatment plant or to

let the highly polluted water pass through the system.

The first alternative implies that the supply of water to

the city is interrupted with the associated negative

impacts on economy, and the associated unpressurized

network problems. The second alternative could lead

to an increment in the risk to deliver inadequately
om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf

 2019
treated water, with the associated impacts on public

health.

Hazard

The main sources of transient pollution in the region are

related to wet weather events. They are a consequence of

the deterioration of catchments and the discharge of

untreated wastewater and combined sewer overflows in

the natural drainage systems (Galvis et al. ). Acute pol-

lution may also be caused by industrial spills but, if they

exist, they are not well identified.

One of the most critical sources of transient pollution is

the South Canal (SC). This manmade channel is used to

drain three rivers: the Cañaveralejo, Melendez and Lili

(Figure 1). The upper catchment of these rivers is affected

by coal mining and deforestation. In addition, they together

with the SC are the final receiving systems of urban drainage

in the southern part of Cali. The impacts of the wash-off of

sediments from the canal on the water quality of the

Cauca River are associated with reduction in the amount

of dissolved oxygen (DO) in the river and with peaks in tur-

bidity. The utility company Empresas Municipales de Cali

EICE ESP (EMCALI) has records of transient events

caused by this tributary. A well-documented example of

reduction of concentration of DO from 5 to 1 mg L�1 in

the Cauca River as a consequence of wash-off from the SC

is presented in Vélez et al. (). The impacts of the SC dis-

charge into the Cauca River are important because of its

proximity (11 km) to the intake of the water treatment

plant (PMTP) named Puerto Mallarino (Figure 1), although

other tributaries upstream of SC may also have significant

effects on transient pollution.

The critical pollution caused by transient events has a

negative impact on the water quality characteristics of the

Cauca River. The level of pollution can be so high that it sur-

passes the limits of treatability of the existing treatment

processes of the PMTP. One of the concerns of the operators

is related to the deterioration of the treatment processes

(sludge blanket and sand filtration) due to the high content

of total suspended sediments (Montoya et al. ). The

other concern is related to the generation of by-products

after chlorination due to the peaks in organic matter present

during acute pollution events.
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According to information collected by the EMCALI, the

operation of the PMTP was stopped 28 times in 2010. On

nearly half of these occasions the intake was closed due to

concentrations of DO of about 2 mg L�1, as an indicator

of high organic matter pollution in the river. The others

were caused by the high concentration of turbidity (above

1,000 NTU) used as an indicator for the content of sus-

pended sediments in the water.

Vulnerability

Figure 2 shows the number of times that the PMTP has been

shut down in recent years. The figure also shows the reason

for closing the intake: namely high turbidity or high organic

pollution load measured as low DO concentration

(EMCALI ).

On average, the shutdowns of the PMTP last for 2 hr.

During this time no water is pumped into the treatment

system, so the distribution relies entirely on the volume

of water stored in the city’s tanks. Depending on the

time of the day in which the event occurs (i.e. during

peak demands) the situation may be worsened and the

hydraulic capacity of the distribution system may take

more time to recover. The population in general, as well

as the industrial and commercial clients, are affected for

several hours before normal operation is reached (Univalle

). The disruption in the water supply system creates
Figure 2 | Number of events and type of pollution that have triggered the closure of PMTP.

s://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
discomfort for the users and loss of revenue for

EMCALI. In addition, the lack of water in the system

could increase the chances of re-contamination in the dis-

tribution network and affect the health of the population

(Madera et al. ).

In the last 10 years, EMCALI has implemented several

actions to reduce the effects of transient pollution. A

master plan to collect all untreated wastewater that affects

the SC has been implemented, including sediment traps in

the tributaries and in the SC. A reservoir of 80,000 m3 to

store pre-treated water for emergency situations was built

in 2010. The reservoir can be used as an alternative source

for about 6 hr. In addition a set of sensors to collect

on-line information from the Cauca River has been

implemented. The monitoring system includes sensors in

the Cauca River at the intake of the PMTP and at a place

8 km upstream named Milan (Figure 1). The system allows

for real-time data collection of temperature, conductivity,

turbidity and DO. Data are stored in a database and analysed

after high pollution events. Basic statistics are estimated and

information is available for the operator upon request.

However, despite these measurements the data col-

lected by the monitoring system missed the analysis

required to provide information to take decisions at the

operational level. For these reasons, EMCALI needed a

decision support system (DSS) to process the data and gen-

erate another level of information at the right time for
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decision makers involved in the operation of the PMTP. The

need for better information to take decisions in real-time

motivated EMCALI to design an Early Warning System

for the water quality of the Cauca River. The remainder of

this paper describes the methodology used for the design

of the EWS and the results obtained for each of the

components.

Evaluation of the existing monitoring system

Monitoring systems are very important because they provide

data that can be processed to generate information that sup-

port decisions. Although there are many ways to evaluate

monitoring networks with multiple sensors (e.g., Mishra &

Coulibaly ; Alfonso et al. ), for the case of Cali we

concentrate only on the location of one water sensor.

Before 2005, EMCALI only monitored the water quality

variables for operational purposes and inside the PMTP

facility. Because of the frequent pollution events in the

Cauca River, in 2006 EMCALI deployed two monitoring

stations in the river: one at the intake and the other at

Milan (8 km upstream of the intake). It is important to

note that there are no discharges coming from industries,

cities or tributaries between these two sensors.

The location of the sensor in the water body is impor-

tant. Rivers may not be completely mixed either laterally

or vertically, and discharges can hug one bank or the

other for large distances (Grayman et al. ). Therefore,

the evaluation focuses on the validity of the measurements

at Milan. It was of special interest to establish if the measure-

ments at Milan were representative of the cross section and

if the discharge from the SC was completely mixed at this

point. Two tests were carried out: a monitoring campaign

at Milan to analyse the distribution of the concentrations

in the cross section and a tracer study to identify the com-

plete mixture of a plume coming from the SC. For the

tracer experiment, a solution of rhodamine was discharged

at the mouth of the SC and the concentration was monitored

in the Cauca River at three cross sections approximately 1, 2

and 4 km downstream of the SC.

Using the methodology proposed by Constain et al.

(), we estimate the mixing length of a discharge from

the SC as approximately 1 km. Therefore Milan, which is

located about 2.5 km from the mouth of the SC, properly
om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
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represented the conditions of the water quality in the river

at that point.

Objectives and specifications

The main objective is to use data for the Cauca River col-

lected upstream of the intake to generate early warnings

related to critical pollution events. The system should facili-

tate the decision-making for operation of the PMTP when it

is threatened by pollution events associated with high

organic matter and/or suspended solids. The EWS is

named ‘Centinela’ (the Spanish word for sentinel). Centi-

nela should: perform real-time data acquisition, validation

and analysis; forecast the water quality trends at the PMTP

intake; generate early warnings and warn users by using

sound and visual signals and text messages.

Methodology

In general, the methodology includes acquisition and analy-

sis of existing data, fieldwork and laboratory analysis, use of

existing modelling tools for the river, development of pro-

cess-based and data-driven models and prototyping a web-

based application as user interface. Although these steps

were considered in Centinela, we concentrate here on the

data and methods used in the components of monitoring,

warning and communication. To this end, the next section

presents the analyses, results and discussion of the charac-

terization of the pollution events, data acquisition and

validation, definition of warning signal and lead time, the

prediction of the pollution travel time, the forecast of DO

concentrations at PMTP intake and the communication of

warnings.
ANALYSIS AND DISCUSSION OF WQ-EWS
COMPONENTS

Characterization of pollution events

The critical pollution events of the Cauca River are associ-

ated with high organic matter and/or suspended solids. As

mentioned above, DO and turbidity have been used as surro-

gate variables to characterize those two types of pollution
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events. Conventional sensors for DO and turbidity are rela-

tively inexpensive, widely available and easily used.

Therefore, there was no doubt whether they should be

used to identify the presence of contaminants in the river.

Figure 3 shows an example of a pollution event associ-

ated with high contamination of the river with organic

matter compounds. Measurements at Milan and at the

intake of the PMTP are shown. The figure also includes

the time when the PMTP operator decides to stop the treat-

ment process and restarts after the event has passed.

Analysis of these data helps to identify key characteristics

of the event, for instance: the trend of the concentration

of the variable, the concentration that triggers the

closure of the intake (about 2 mg L�1 O2), the minimum

value reached at the intake (1 mg L�1 O2), the duration of

the critical concentration level (1.5 hr) and the travel time

of the pollution from Milan to the intake (3 hr). From the

69 pollution events, it can be reported that the average

event duration (from stop to start in Figure 3) is 2.13 hr

with a standard deviation of 2.34 hr, with a maximum of

6.67 hr and a minimum of 0.75 hr. For the travel time, we

have information of 12 events that were recorded simul-

taneously at Milan and PMTP with the following statistics:

average¼ 2.91 hr, min¼ 2.25 hr, max¼ 4.0 hr and SD¼
34 min. All these characteristics of the event are used to

develop the warning system.
Figure 3 | Typical DO event that triggers the closure of the PMTP.
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Data acquisition and validation

One of the challenges of a continuous, real-time monitoring

system is management of the large amounts of data that

are generated. Use of data acquisition software and a central

data management centre is critical (USEPA ). EMCALI

has a data acquisition system in place that includes remote

sensors and data loggers for on-line monitoring at Milan

and PMTP, telemetry to transfer the data to the central infor-

mation system and an Oracle database in which to store the

data. Routines for data validation are part of the data acqui-

sition system.

When data acquisition systems are in place, the EWS

may take advantage of exiting routines for data validation.

Data processing includes data analysis and trending in

order to assess whether an alarm level has been exceeded

or whether it is faulty data. The EWS designed for the

Cauca River, which uses the existing EMCALI database as

the source for the input data, incorporates such procedures

and some of them are described in this manuscript. This

input is validated to filter out outliers and to check for miss-

ing data. Outliers are detected by comparing the input data

with the physical limits of the measured water quality vari-

ables and with the detection range of the sensor used,

among other statistical techniques, while missing values

are estimated by linear interpolation using the past n records
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if at a particular time t no input data are detected. The vali-

dated data are displayed and stored in the Centinela

Database, to be used in the future to improve the character-

izations and fine-tune the parameters.

Definition of the warning signal

A first activity towards the development of the warning

signal consists of the statistical analysis of historical data col-

lected by EMCALI. Data for 69 critical events, associated

with low DO concentrations measured at the intake of the

PMTP, were included in the analysis. The events occurred

between August 2006 and August 2009. The objective was

to define the relevant parameters that could be used to ident-

ify the starting point of a potential critical event. An

equivalent analysis was carried out for turbidity but it is

not included due to space restrictions.

The analysis concluded that the most suitable par-

ameters to characterize an event are the following

(Figure 4). (1) Average of the last four records of concen-

tration, Cave. This parameter indicates the state of

concentrations in the river. (2) Average of the slopes

within the last four records, Save. This is a measure of how

fast the concentration of the water quality indicator falls

or rises. The slope parameter indicates the gradient at

which the water quality variable may become critical. (3)

Gradient continuity, F, to detect a systematic tendency of

the records. For instance, if all the negative slopes of the
Figure 4 | Set of parameters to characterize a critical DO event in the Cauca River. For

this example F¼ 1 because the diminishing tendency is maintained.
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last four records point to the same direction then F¼ 1;

otherwise, F¼ 0.

In order to understand how the parameters Cave and Save
change during a contamination event, Figure 5 was pre-

pared. The graph is the result of a data processing of the

69 DO events recorded at PMTP. The records include, in

addition to DO value at each time step, information about

the time at which the closure of the intake took place. In

this way, the analysis focused on knowing the characteristics

of different events, encapsulated in the parameters Cave

and Save at the time of closure and also at other times

before the closure (up to 3 h before). Data used for this

figure correspond to the descending part of the event charac-

terized by reduction of DO in the river (i.e. F¼ 1). It can be

observed that from half an hour before the closure of the

intake Cave varies between 2.5 and 4.3 mg L�1, and Save
varies between �3.5 and �6.0 mg L�1 h�1, which give an

important indication of the possible values that trigger a

warning. It can also be noted that there is no evident pattern

to allow for detecting a potential event with one hour or

more before the closure of the intake.

Definition of warning levels

Awarning level, N(t), is defined as the degree of significance

of a pollution event at a particular time t, and it is rep-

resented by a value that ranges from 1 (critical event) to 8

(normal conditions). The warning level is assigned by the

combination of the parameters Cave and Save and F that
Figure 5 | Variation of parameters Cave and Save for DO before the closure of the intake.



Figure 6 | Decision tree for the generation of warning levels associated with DO events. Cave is the average DO concentration, Save the average slopes and F is the continuity in the slope

tendency (F¼ 1 continuous, F¼ 0 otherwise), all for the last four records.
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are checked with a series of nested conditionals, and for the

case of DO is presented in Figure 6. It must be noted that the

warning levels might not change consecutively. For

instance, N can be five at t ¼ t0 (Save is critical but Cave is

not) to N¼ 1 at t ¼ t0 þ Δt (both Save and Cave are critical).

The point here is that a level 5 warning does not mean ‘no

threat’ but it means ‘check Cave closely’. In addition, warn-

ing levels of N¼ {1,2,3,4} are, in principle, the criteria to

identify a potential alarm situation, but levels N¼ {1,2} rep-

resent imminent intake closure. Each of these levels has an

associated alarm message and recipient, as discussed

further.

The definition of the thresholds for the parameters Save
and Cave is obtained by sensitivity analysis exploring several

values for Save and Cave and checking their impact on the

number of false positives and false negatives. This is done

by closely looking at the performance of the EWS through

contingency tables, such as Table 1 (Doswell et al. ; Ver-

kade & Werner ). In particular, false alarm rate (FAR),

defined as the proportion of false alarms with respect to

the total released alarms, and probability of detection

(POD), defined as the proportion of hits with respect to
Table 1 | Contingency table for an EWS

Event observed Event not observed

Warning issued Hit (a) False alarm (b)

Warning not issued Missed alarm (c) Correct negatives (d)

s://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
the total observed events (Doswell et al. ), are indexes

commonly used to assess EWS.

There are two conflicting aspects that ideally should be

avoided. (1) If the conditions in the decision tree become

difficult to fulfil (e.g., if the thresholds for DO, Cave and

Save are too low), no warning would be released when

there is an event; that is named a missed alarm or false

negative. (2) If those conditions are easily fulfilled (e.g., if

the thresholds for DO, Cave and Save are too high), then

warnings will frequently pop up even when there is no

real event; that is named a false alarm or false positive.

In both cases the credibility of the EWS will be negatively

affected.

In order to tune the thresholds of the model tree, the his-

torical data of DO and turbidity were used. A sensitivity

analysis of the effect of the parameters Cave and Save on

the number of false and missed alarms was carried out con-

sidering the combination of warning levels 1, 2, 3 and 4,

although only the analysis for levels 1 and 2 (the ones that

imply imminent intake closure) are shown. Figure 7 shows

the effect of changing both thresholds for DO on (a) POD

and (b) FAR. Additionally, Figure 7(c)) shows the difference

between plots (a) and (b), in order to make evident the com-

bination of thresholds that provide bigger POD and

simultaneously a lower FAR.

The parameters Cave and Save for DO and turbidity were

defined based on the combined objectives of POD and FAR,

which corresponds to the darker zone in Figure 7(c) for the

case of DO. The optimal values for Cave and Save are



Figure 7 | Distribution of (a) POD, (b) FAR and (c) POD-FAR to determine optimal threshold values of Cave and Save for DO and N(t)¼ 1 or 2.
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presented in Table 2. The receiver operating characteristic

(ROC) curve (Mason ; Mason & Graham ) is an

accepted approach for representing the trade off between

the false negative and false positive rates based on contin-

gency tables. An acceptable EWS performance is obtained

when the ROC curve rises towards the upper left hand

corner of the graph (high POD and low FAR). However, if

the ROC curve follows a diagonal from the origin to the

upper right hand corner, it means that every improvement

in POD corresponds to deterioration in FAR, and the
Table 2 | Estimated parameters Cave and Save for DO and turbidity

Parameter DO turbidity

Cave 4.5 mg/l 800 NTU

Save � 0.8 mg/l/h 400 NTU/h

Figure 8 | ROC curves for the selected threshold values of Cave¼ 4.5 mg/L and Save¼�0.8 mg

om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
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EWS does not perform well. The ROC curves for the opti-

mal values for DO are shown in Figure 8.

Lead time definition

For an early warning system to be effective, the lead time

will need to be sufficient for appropriate action to take

place. Lead time includes the time of detection, time of

decision and time of response (Verkade & Werner ;

Parker & Fordham ; Carsell et al. ). For this

case study, the estimated lead time is composed of two

aspects, as follows. (1) The estimation of presence of pol-

lution consisting of a detection time of 15 min, a

computational time of a few seconds and a travel time of

the pollutants that may vary between 2 and 5 hr depending

on the current discharge in the river as explained in the

next section. (2) The decision to take appropriate actions
/L/h for N(t)¼ 1 or 2.
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(operational time), consisting of turning off the intake

pumps (10 min) and turning on backup storage pumps

(alternative source) (10 min). Critical lead time is therefore

approximately 2 hr and 35 min, and is mainly driven by the

travel time of the pollution.
Prediction of pollution travel time

The travel time is the time that a pollutant particle takes

from the monitoring point at Milan up to the PMTP

intake. This information is used in the EWS to inform the

operator of the estimated arrival time of the pollution.

The transport of a substance in a river is determined by

advection and dispersion processes. To estimate the effects

of these processes we used a calibrated model of the

Cauca River developed in Mike 11 software (Holguin et al.

). The model was used to simulate tracer experiments.

In the upstream boundary, a digital particle with a certain

mass was released as a point source and the model calcu-

lated the concentration at the downstream boundary. The

travel time was estimated as the time difference between

the centroids of each of the concentration curves. The math-

ematical experiment was repeated for different flow

conditions in the river. The results of the model were com-

pared with travel times estimated using data measured by

EMCALI during pollution events. Calibration parameters
Figure 9 | Pollution travel time as a function of river flow.

s://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
were fine tuned to fit the observed data. After that, the

model was used to extrapolate the travel time for different

flows. The results of travel times as a function of the river

flow are presented in Figure 9. A power function was

fitted to the results. This was done in order to simplify the

implementation of the travel time model in the Centinela

prototype. In consequence, the EWS not only requires the

monitoring of water quality variables but also water quantity

(i.e. flow). The river has an on-line monitoring station for

water level that is used to estimate the flows at PMTP with

the help of a rating curve. As pointed out before, the

Cauca River does not receive any tributary or lateral dis-

charge in the reach between Milan station and the PMTP

and therefore it can be assumed that the flow is constant

along this reach and that the mass of pollutants is only

affected by transport and transformation processes.
Forecast of DO concentrations at the intake

To forecast the DO concentration at the intake of the

PMTP a data-driven model was developed. The reason for

choosing a model based on data is that the data available

(i.e., travel time, DO concentrations at Milan and PMTP),

are insufficient to run a process-based model, which

needs, among other data, the concentration of organic

matter discharged to the river at every time step.
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The analysis of the series shows that during an event, the

minimum concentration of oxygen detected at Milan is

related to the minimum concentration measured in the

PMTP. Plotting the minimum measured on each side,

a first relation was found. Following similar criteria for

each event, the same number of data were selected before

the minimum and after the minimum. In this way the

same number of data are used for each series. After this,

the values of oxygen at Milan are plotted against the

values of oxygen at the intake of the PMTP. The data

showed a linear relation for every event. The slopes of the

lines suggested a further classification according to the

travel time.

The model developed is a decision tree that considers

the concentration of oxygen at the monitoring station

upstream (Milan), the hydraulic conditions (e.g., water

level, discharge) of the river and the travel time to estimate

the expected concentration of oxygen at the intake of the

PMTP, using 70% of the events as a training set. Figure 10

shows the resulting model tree to forecast the value of DO

and Figure 11 shows the validation results of the model

tree for two particular pollution events with different

travel times.
Figure 10 | Flowchart of data-driven model to forecast DO at the intake of PMTP.

om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
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Communication of warnings

A crucial component of an EWS is the generation and deliv-

ery of warning messages to the PMTP staff. The

dissemination of the warnings is based on visual signals on

the user interface of the web-based application and via text

messages (SMS). The message includes the current warning

level, the concentration values at the monitoring point, the

value of the parameters (Cave and Save) and the estimated

time at which the pollution is expected at the intake. The

purpose of the message is to inform the operator about the

state of the system and this is done through SMS in order

to guarantee that the operator is always informed. The

rules for sending these messages are described in Figure 12

and, in principle, it considers sending alerts when the warn-

ing levels are between 1 and 4. It also classifies the type of

messages according to the recipient. In this way, only warn-

ing levels 1 and 2 (imminent intake closure) are sent to the

PMTP Director, in charge of making the decision whether to

close it or not, while warning levels from 1 to 4 are sent to

the PMTP Operator to warn him/her to be on alert.

Although in principle warning levels from 1 to 7 have an

associated alert component, it is not convenient to send



Figure 12 | Flowchart with the rules for SMS delivery.

Figure 11 | Validation results of model tree shown in Figure 10.
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them all since messages from 5 to 8 may be treated as spam

messages with the consequent lack of attention in the long

term.

The technology used by Centinela to send warning mess-

ages utilizes a Clickatell Mobile Gateway, which allows

SMS to be sent via the internet. In brief, when a warning

is generated Centinela prepares and sends the message via

the internet to that gateway, which transfers it to the prede-

fined mobile ID through the local mobile network.
s://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
SUMMARY OF CENTINELA’S CONCEPTUAL
FRAMEWORK

The conceptual framework of the application is presented as

a flowchart in Figure 13. The process includes tasks that are

repeated in a loop with a frequency determined by the

sampling time step Δt of the data from the database. The

input data are the water quality variables at Milan and

PMTP (qA and qB, respectively) and the water levels (h) in



Figure 13 | Conceptual framework of Centinela, WQ-EWS for the Cauca River.
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the river. The outputs of the application are displayed in the

user interface and/or sent via text message. The outputs dis-

played are: time series of input data after validation, time (t),

warning level (N), predicted reaction time (Tte) and pre-

dicted DO value at PMTP (DOPMTP).

Five main tasks are identified according to the described

methodology. The first task is the validation of input data

measured in the monitoring stations. The second task esti-

mates the warning level at time, t, using the water quality

variables as input. The third task consists of a prediction

of travel time (arrival of pollution at the intake). The

fourth task corresponds to the forecast of the DO concen-

trations at the intake based on Milan’s DO data and the

flow conditions in the river. The fifth task comprises the gen-

eration and delivery of warning messages via SMS to the

treatment facility operator. In addition, the framework
om https://iwaponline.com/jh/article-pdf/16/6/1409/387516/1409.pdf
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includes procedures to store the messages generated when

an early warning is issued, which can be used to evaluate

the EWS performance.

This conceptual framework was applied in a web-based

application with a user-interface that allows interaction with

operators of the treatment plant. Multiple clients can con-

nect simultaneously to the Centinela application. The

users can manually input data and get the data and infor-

mation from stored data for post-processing.
CONCLUSIONS

This paper describes the conceptual development of the

components required for an EWS for source waters used

for the water supply of the city of Cali. This includes several
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algorithms and models developed to provide the services

required for the EWS. On historical data, the evaluation

of Centinela showed the capability of detecting 60% of

critical events caused by high loads of organic matter

(low DO) and 70% caused by high levels of turbidity.

More information needs to be collected and pollution

events recorded to fine-tune the parameters and increase

the performance of the system. Some parts of the algor-

ithms developed here have been re-programmed in the

database in Oracle. However, a full implementation of

the prototype will certainly allow a proper evaluation of

Centinela and the use of the warning generator as oper-

ational DSS.

Within the Centinela application two potential con-

taminants were analyzed: DO and turbidity as indicators

of organic matter and suspended sediments. As the

Cauca River also receives industrial and urban waste-

waters discharges that carry a wider range of

contaminants, future developments of Centinela should

include more pollutants. The approach to identifying the

presence of contaminants is focussed on variables

measured by monitoring equipment. However, other

mechanisms such as self-reporting of spills, reports by

the water users or other water-related institutions should

also be included as part of the EWS.

Further development of Centinela may include the

response capability for operating during a critical pollution

event. Alternatives include closure of intake, modification

of treatment processes and the use of the pre-treated water

stored in the recently built reservoir.

EWS should be viewed as an integral part of the oper-

ation of a water supply system. The design described in

this paper covers all the components; however, further

developments should include operational responses in the

treatment processes and the storage.
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