Atmésfera 22(4), 399-412 (2009)

Analysis of the water supply-demand relationship in the Sina-Caribe
basin, Colombia, under different climate change scenarios

J. E. OSPINA-NORENA, C. GAY-GARCIA, A. C. CONDE
Centro de Ciencias de la Atmosfera, Universidad Nacional Autonoma de México,
Circuito Exterior, Ciudad Universitaria, México, D. F. 04510 México
Corresponding author: C. Gay; e-mail: cgay@servidor.unam.mx

G. SANCHEZ-TORRES ESQUEDA
Universidad Autonoma de Tamaulipas, Facultad de Ingenieria Arturo Narro Siller,
Division de Estudios de Posgrado, Centro Universitario Tampico-Madero, México

Received April 1, 2009; accepted September 14, 2009

RESUMEN

En este trabajo se analiza la relacion de oferta/demanda del recurso hidrico en la cuenca del Sintu-Caribe,
Colombia, teniendo en cuenta los valores actuales y proyectados a los afios 2015 y 2025 por el Instituto de
Hidrologia, Meteorologia y de Estudios Ambientales de Colombia (IDEAM). Se incluye los posibles cam-
bios que puede experimentar dicha relacion, debidos al cambio climatico estimado por algunos modelos de
circulacion general, bajo escenarios A2 de emisiones de gases de efecto de invernadero. Se aplica el Sistema
de Evaluacion y Planeacion del Agua (WEAP, por sus siglas en inglés), para analizar y simular sistemas
del agua y orientar politicas de manejo, con lo que se busca brindar herramientas, criterios y elementos de
juicio que permitan elaborar estrategias adaptativas ante condiciones adversas.

ABSTRACT

The water resource supply-demand relationship in the Sini-Caribe Basin, Colombia, was analyzed based
on current values and values projected for 2015 and 2025 by the Instituto de Hidrologia, Meteorologia y de
Estudios Ambientales de Colombia). The projections included estimated changes in the relationship based
on general circulation climate change models under A2 greenhouse gas emission scenarios. The WEAP
(Water Evaluation and Planning) System was applied to analyze and simulate different water systems and
to guide management policies in order to provide tools, criteria and decision-making elements for devising
adaptive strategies under adverse conditions.
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1. Introduction

Many human systems are sensitive to climate change; among them water resouces, agriculture,
forestry, coastal and marine systems, human settlements, energy, industry, insurance and other
financial and health service systems. Vulnerability of these systems to climate change will depend
on geographic location, weather, and social, economic and environmental conditions both locally
and regionally (IPCC, 2001a; Watson e al., 1998).

Approximately one third of the world’s population (1.7 billion people), currently lives in
countries threatened by water tension due to water scarcity (defined as use of more than 20% of the
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renewable water supply). According to predictions, by 2025, 5 billion people will be affected by
water tension. At the same time, flooding may increase in frequency and magnitude in other regions
as a result of the growing incidence of heavy rainfall events, which could in turn increase runoff
and erosion, making these events negative factors for many industries and purposes (IPCC, 2001a).

It is estimated that 65% of the world’s population impacted by natural events has been affected
by hydrometeorological phenomena. According to the WMO (2004), during the period 1993-2002,
hydrometeorological extremes affected 87% of the people impacted by disasters. Of deaths reported
in the period, 52% were the result of drought, and 11% of floods.

Trenberth et al. (2003) and the IPCC (2001b, 2007) argue that global warming could increase
the intensity and reduce the frequency of precipitation events; that the effect on water resources
could be sufficient to generate conflicts among users, regions and countries; and that changes in
surface runoff processes will depend on changes in temperature and precipitation, among other
variables. Arnell ef al. (2001) in different river basins from the world and Gay (2000) in México
used climate models to simulate future climates under different emission scenarios. They found that
all simulations indicated an increase in average global precipitation, but at the same time some areas
would experience large decreases in surface runoff. They concluded that increased precipitation
clearly does not imply increases in surface and underground water availability region-wide.

The impact on water resources does not depend only on changes in its volume, momentum,
quality and recharge, but also on characteristics of systems and the pressures on them, including
population processes, regional planning processes, infrastructure implementation, manufacturing
activity and economic sectors, sustainable and efficient use (or not) of natural resources, changes
in these factors, and adaptations to climate change. Changes other than climate may also have a
greater impact than climate change on water resources; for example loss of physical and/or biotic
elements regulating the water cycle; deforestation; expansion of agriculture in unsuitable, poorly
planned areas; and implementation of unsuitable infrastructure. Increased pressure on the system
will increase vulnerability to climate change, but planning can reduce vulnerability. Systems not
subject to proper management and planning will surely be the most vulnerable to climate change
(IPCC, 2001b; UNFCCC, 2005).

Planning methods for water resources, particularly those involving integrated management,
can reduce vulnerability through adjustments that take into account the effects of climate change
and new unknowns on water resources. Approaches focusing on supply are more widely utilized
than those focusing on demand (which change exposure to water tension). Increased attention is,
however, being paid to demand, but the ability to apply efficient planning solutions is not equally
distributed worldwide, and is lower in many countries whose economies are in transition and in
development (IPCC, 2001b).

The Integrated Water Resources Management (IWRM) method is a systematic planning and
management method which incorporates a series of supply and demand processes and actions,
and includes the participation of key stakeholders in decision processes. It also facilitates adaptive
management through monitoring and continual review of the water resource situation (UNFCCC, 2006).

The WEAP 2.1 is a tool which enables effective IWRM, integrating a range of physical
hydrological process with ongoing consistent administration of demand and existing infrastructure.
It enables analysis of multiple scenarios, including alternative climate scenarios and stress-causing
anthropogenic changes such as variations in land use, changes in urban and industrial demand,
alternative regulations, and points of diversion with respect to changes (UNFCCC, 2005).
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According to IDEAM (2001), the climate in Colombia is quite variable, both geographically and
over the course of time. This climatic diversity is largely determined by geographic location and the
physiographic characteristics of the country. Colombia’s climatic diversity is an important resource
of the country and its climate variations play an important role in its different human activities.

Water is not distributed equally across the country, but rather is subject to considerable variations.
Colombia contains regions with water deficits and regions with excess of water (IDEAM, 2001).

According to the IDEAM (2000), it is important to describe the criteria, estimates and analyses of
the relationships between the water potentially needed to meet the needs of the population and of
production in relation to available water. It is therefore vital to conduct an overall evaluation of the
vulnerability of water systems supplying rural and urban areas in terms of availability for moderate
and dry hydrological conditions.

The contribution of the present study is an analysis of the water supply-demand relationship
in the Sinu-Caribe Basin, Colombia, including by means of WEAP the most important variables
and climate change scenarios.

2. Methodology
The study was conducted in three phases:

Phase 1. Information gathering

a. Anexhaustive literature review was conducted, and all information on the water supply-demand
relationship in IDEAM (2000, 2001) studies was analyzed. Variables extracted included daily
urban and rural consumption per person, commercial and industrial consumption, natural
water supply, reduction in supply due to ecological flow and water quality, projected increases
in consumption and decrease in natural supply. The population in the study area was also
determined, by municipal seat (urban areas) and rural areas and the respective projections
as made by the Departamento Administrativo Nacional de Estadistica (DANE, 2005).

b. From recent studies carried out by Ospina (2009) and Ospina et al. (2009), potential
climate changes for the period 2010-2039, specifically maximum temperature (Tmax) and
precipitation (PCP), were projected for various general circulation models.

Phase 2. Natural supply projections

The Tmax and PCP anomalies found in the cited studies and records of the listed variables can be
used to calculate expected monthly and annual precipitation and temperature for the period under
analysis. With the models used, it is pssible to calculate the flow for each case using the equation.

FC=1913.97 + 0.86078 x PCP - 46.165 x Tmax

where FC is the monthly flow contribution (m3/s), which give a good fit.

Phase 3. Projections, simulation of the water supply/demand relationship and comparison of models

Taking the results from the previous steps into consideration, projections and simulations of the
supply/demand relationship were made using WEAP for the models considered in order to determine
fundamental aspects of the relationship, such as unsatisfied demand, coverage of demand, supply
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requirements, delivered supply, increase in demand, and index of pressure on water resources. This
was done to generate elements which aid in planning and management of water resources in the
basin and enable strategies to be developed to adapt to potential climate changes.

3. Analysis and results

Figure 1 shows the study area and the approximate location of the 28 demand centers simulated
using WEAP.

Table I presents the values of the variables related to water supply-demand in the Sint-Caribe
Basin and in Colombia as a whole according to IDEAM studies.

Alist of the urban, rural and total population in the 28 municipalities located in the Sinu-Caribe
Basin according to the DANE 2005 census is given in Table II. Municipios are administrative
districts similar to counties.

In studies by Ospina (2009) and Ospina et al. (2009), the various general circulation models
showed increases in maximum temperature, increases or decreases in precipitation and decreases in
flows for the Sinu-Caribe Basin. Table Il summarizes the annual changes in the variables studied
for the period 2010-2039 under A2 greenhouse gas emission scenarios [PCC (2001c) given that
the authors concluded that greenhouse gas production according to the A2 family of scenarios
would imply a more rapid increase in temperature and more marked changes in precipitation than
under the B2 scenarios.

Month-to-month changes and projections for flows, PCP and Tmax according to the different
climate change scenarios are given in greater detail in Appendix I (www.atmosfera.unam.mx/
editorial/atmosfera/acervo/vol 22 4/06 appendixes.pdf).
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Fig. 1. Location of study area and centers of demand.
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Table I. IDEAM variables for supply-demand calculation and projections.

Aspect-variable Criteria-projections

Urban consumption 170 L/pers/day

Rural consumption 120 L/pers/day

Sinu-Caribe Basin annual mean net supply 16,654 million cubic meters (MCM)

Sinu-Caribe Basin annual demand 161.11 MCM

Sinu-Caribe annual pressure index (X 100.000) 974 (moderately high)

Population growth 2015-2025 Intercensus projections 1995-2005

Industrial, commercial and agricultural growth 3% (historical average approx. 2.6%, GDP last 20 yrs)

Water supply for storage 2015-2025 2% annual decrease

Demand 3% annual increase

Municipal scarcity index Increase in high-index group

Increase in affected population, high index 1.7 million (2000)-13.8 (2015)-17.5 (2025), 30% of
projected population

Affected population, moderately-high and 55%

moderate scarcity index

Municipality seats, high scarcity 38 (2000)-72 (2015)-102 (2025)

Municipality seats, moderately-high scarcity 48 (2000)-101 (2015)-138 (2025)

Population with high shortages in dry 66% (2015)-69% (2025)

hydrological conditions
Source: IDEAM 2000, 2001.

3.1 Calculation of water demand

The above data and models enable the demand to be calculated for domestic, industrial (agricultural)
and commercial use for the 28 sites located in the study area. It should be noted that since only
data on population demand and total consumption were available, the difference was distributed
as 80% industrial and 20% commercial according to the population in the municipality seats.

The values for annual water demand in million cubic meters (MCM) are given in Table I by
municipality, separating rural and urban, and industrial and commercial demand.

3.2 Analysis of water supply-demand relationship projections and model comparison using WEAP

The data in Table IV and Appendix I were entered into the WEAP v. 21 program, along with
additional information; namely, demand priorities (the initial assumption was priority 1 for all
demands), percent of consumption at demand sites (approximately 35%), loss percentage in supply
and recovery systems (15%), and flow restrictions (approximately 474.9 m*/s; by Colombian law,
intake from the source flow may not exceed 10% of net supply from the source) (Granados and
Buelvas, 2007).

Figure 2 shows total current and projected (statistical) supply requirements (SR) (which includes
loss, reuse and management) by location according to population and consumption increases, and
delivered supply (DS) projections for the period 2010-2039 under the A2 greenhouse gas scenarios used.

It can be seen clearly in the figure that current required supply (190.1 MCM) is approximately
equal to current supplied demand. However, over time all scenarios predict lower than delivered
required supplies. At the end of the period, in 2039, 402.3 to 619.4 MCM of water would be
delivered, depending on the climate scenario, and the weighted mean supply is 563.3 MCM, while
the required supply is 636.1 MCM, suggesting strong pressure on the system and a need for water
resource planning and management in the Sinu-Caribe basin.
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Table II. Sin-Caribe basin population.

Municipality Total population Urban population Rural population
Ayapel 42.542 20.456 22.086
Buenavista 19.011 6.760 12.251
Canalete 17.315 3410 13.905
Cereté 83.917 47.094 36.823
Chima 13.639 2.815 10.824
Chinu 43.274 20.886 22.388
Ciénaga de Oro 53.145 20.838 32.307
Cotorra 15.113 3.394 11.719
La Apartada 12.702 9.935 2.767
Lorica 110.316 44417 65.899
Los Cérdobas 17.837 3.306 14.531
Momil 14.092 8.712 5.380
Montelibano 73.247 49.024 24.223
Monteria 378.970 286.575 92.395
Moiiitos 23.597 5.339 18.258
Planeta Rica 61.692 38.323 23.369
Pueblo Nuevo 31.536 11.177 20.359
Puerto Escondido 21.786 3.534 18.252
Puerto Libertador 35.186 13.175 22.011
Purisima 14.677 6.145 8.532
Sahagun 87.635 44,985 42.650
San Andrés Sotavento 63.147 8.555 54.592
San Antero 26.123 14.406 11.717
San Bernardo del Viento 31.405 8.177 23.228
San Carlos 23.622 4.524 19.098
San Pelayo 39.260 6.902 32.358
Tierra Alta 78.770 32.875 45.895
Valencia 34.373 12.374 21.999
Total 1467.929 738.113 729.816

Source: DANE, 2005.

Table III. Projected changes by model and experiment assuming an annual reduction of 2% in natural water
supply in the study area.

Model/Variable Tmax. (°C) change Precipitation (%) change Flow (%) change}
CCSRNIES 21A21 0.5 0.16 -5.9
CSIROMK2B_A21 0.7 13.5 -2.3
CGCM2_A21 0.7 -54 -11.8
CGCM2_A22 0.9 -2.6 -13.3
CGCM2_A23 0.8 -3.1 -11.3
HadCM3 21A21 1.9 -21.0 -35.0
HadCM3 22A21 1.6 -6.2 -23.8
HadCM3 23A21 1.4 9.6 -14.2
HadCM3 A2 SDSMf 0.5 7.5 -2.3

Source: Ospina et al., 2009
tResult of applying SDSM
}Calculated with respect to historical mean annual flow (527.7 m%/s)
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Table IV. Water demand in the Sint-Caribe basin.

Municipality Urban Rural Population  Industry- Commercial Total
Agriculture
Ayapel 1.3 1.0 2.2 1.8 0.5 4.5
Buenavista 0.4 0.5 1.0 0.6 0.2 1.7
Canalete 0.2 0.6 0.8 0.3 0.1 1.2
Cereté 2.9 1.6 4.5 43 1.1 9.9
Chima 0.2 0.5 0.6 0.3 0.1 1.0
Chinu 1.3 1.0 2.3 1.9 0.5 4.6
Ciénaga de Oro 1.3 1.4 2.7 1.9 0.5 5.1
Cotorra 0.2 0.5 0.7 0.3 0.1 1.1
La Apartada 0.6 0.1 0.7 0.9 0.2 1.9
Lorica 2.8 2.9 5.6 4.0 1.0 10.7
Los Coérdobas 0.2 0.6 0.8 0.3 0.1 1.2
Momil 0.5 0.2 0.8 0.8 0.2 1.8
Montelibano 3.0 1.1 4.1 4.4 1.1 9.6
Monteria 17.8 4.0 21.8 25.9 6.5 54.2
Moiiitos 0.3 0.8 1.1 0.5 0.1 1.7
Planeta Rica 2.4 1.0 34 3.5 0.9 7.7
Pueblo Nuevo 0.7 0.9 1.6 1.0 0.3 2.8
Puerto Escondido 0.2 0.8 1.0 0.3 0.1 1.4
Puerto Libertador 0.8 1.0 1.8 1.2 0.3 33
Purisima 0.4 0.4 0.8 0.6 0.1 1.4
Sahagin 2.8 1.9 4.7 4.1 1.0 9.7
San Andrés Sotavento 0.5 2.4 2.9 0.8 0.2 3.9
San Antero 0.9 0.5 1.4 1.3 0.3 3.0
San Bernardo del Viento 0.5 1.0 1.5 0.7 0.2 2.4
San Carlos 0.3 0.8 1.1 0.4 0.1 1.6
San Pelayo 0.4 1.4 1.8 0.6 0.2 2.6
Tierra Alta 2.0 2.0 4.1 3.0 0.7 7.8
Valencia 0.8 1.0 1.7 1.1 0.3 3.1
Total 45.8 32.0 77.8 66.7 16.7 161.1

The projected demand and required supplies are called “statistical,” as they assume the population
and consumption growth described above, and are initially the same for all the other scenarios.

The “weighted mean” scenario (Appendix I) was constructed by weighting the flow contribution
of each model (Table V) and normalizing by the sum of the weights.

According to variations in projected Tmax and PCP, and assuming that the most adverse
effects possible are avoided, the largest weights are assigned to the models that project the greatest
temperature increase and precipitation decrease.

The monthly flow average for the average weighted scenario is 428.3 m*/s + 107.8 to 95 percent
reliability. Figure 3 shows the relationship between total water demand (not including loss, reuse
and management, making it equivalent for all scenarios) and required and delivered supplies
according to the weighted average for the period 2010-2039.
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Although demand (at 540.7 MCM by 2039) is less than delivered supply (563.3 MCM)), it should
be noted that the requirements are not fully satisfied for each and every one of the 28 points of
demand and industries, since loss, reuse and administration at the various sites are not included. For
this reason, the figure given as required supply (636.1 MCM) is much higher than the actual value.

In this scenario, the decrease in average annual flow compared to current flow would be 18.8%
assuming scenarios which estimate reductions up to 35%, and considering only the period 2010-
2039; estimates for the period 2040 to 2069 being more drastic. This should be analyzed very
carefully, considering the implications for the study area. According to the Corporacion Andina
de Fomento (Andino Development Corporation) (CAF, 2000), during the 1997-1998 El Nifio
phenomenon, flow decreases of up to 33% were reported for the Sina River, and the consequences
included large losses in agricultural production and in other industries, increased demand for water
and power, and increased consumer prices for resources.

Table V. Weights for calculation of average weighted flow scenario.
Model/Experiment Weight
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The CAF also reported that the river basin experienced a high degree of deterioration and
drought and increased vulnerability to existing weather conditions due to heavy erosion processes,
anthropogenic activity, resource pressure, exploitation of natural forests, and loss of vegetative
coverage and water regulating elements. It is important to note that these factors generate positive
synergies which complicate the analysis.

3.2.1 Unsatisfied demand and percent coverage

As may be observed in Figure 4a, total unsatisfied demand (UD) increases with increasing
requirements and projected climate changes. To illustrate and provide a more detailed interpretation
of the potential effects of imbalance between supply and demand, we analyze Monteria, one of the
main centers of demand, in the weighted mean scenario (Fig. 4b).

In the specific case of Monteria, water demand is highest for the urban area and industry
(agricultural), followed by the rural population and commercial demand; urban 17.8 MCM, industry
25.9, rural 4.0, commercial demand 6.5 at the start of the period (2009) and 78.2, 62.9, 17.8 and
15.8 MCM, respectively, at the close of the period under analysis (2039). Appendixes II and III
show projected demand and required supply by sector by 5-years intervals for all municipalities
(www.atmosfera.unam.mx/editorial/atmosfera/acervo/vol 22 4/06 appendixes.pdf).

Average monthly percent coverage of demand for the analyzed period and scenarios are shown
in Figure 5a. Figure 5b shows the variables of the supply-demand relationship for the municipality
of Monteria, taking into account the weighted mean scenario.

It can be observed in the figures that demand is not completely covered in any of the scenarios.
Monthly average demand is 8.6 MCM, which would require a monthly supply of approximately 10.1
MCM. Delivered supply varies from month to month, with a minimum of 8.0 MCM in September,
and is closely related to the contribution from projected flow. The coverage percent also varies,
reaching a minimum in July at 79.3%.
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3.3 Management and adaptation strategies

Continuing the example above, potential feasible changes are assumed such as efficient water use,
decreasing loss in water systems, reuse or incorporation of industrial water, or installation of more
efficient fixtures, among others.
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For the municipality of Monteria, these changes (called the adaptation] scenario) were
consumption, 35 to 30%; losses in systems, 15 to 10%; and 5% reuse. The new scenario is descended
from the weighted mean scenario, so it retains all the other variables and includes the potential
climate changes projected by the weighted mean scenario for subsequent comparisons.

These changes would imply a reduction of 21.1 MCM to the required supply at the end of the
period from 636.1 in the weighted mean scenario to 615 in the adaptationl scenario, a decrease of
18.4 in DS and of 2.7 MCM in unsatisfied demand.

Figure 6a compares SR, DS and total UD in Monteria. Annual required supply is shown by
sector for both scenarios in Figure 6b.

As shown by the figures, for 2039, total SR in Monteria is 181.9 MCM in the weighted average
scenario but 163.9 in the adaptationl scenario; 18 MCM less. UD decreases by 2.5 MCM from
23.5t0 21.0 and SR by 21.1 MCM from 205.4 to 184.3, changes which are reflected in the entire
basin, as indicated above.
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Fig. 6. a) Annual supply-demand relationship, weighted mean vs. adaptatoin 1, municipality of Monteria.
b) Required supply by sector, weighted mean vs. adaptation 1.

The graph of required supply by sector shown in Figure 6b displays significant decreases when
changes in handling and adaptation are included. For 2039, required supply decreases by 1.8 MCM
in the commercial sector, 2.1 in rural areas, 9.5 in urban areas and 7.5 in the industrial sector.

Delivered supply and unsatisfied demand projected for 2039 for each municipality and
scenario are presented in Appendixes and (www.atmosfera.unam.mx/editorial/atmosfera/acervo/
vol 22 4/06 appendixes.pdf).

Figure 7 compares monthly means for the main variables of the supply-demand relationship
in the municipio of Monteria.

As may be observed in the figure, the adaptation]1 scenario shows lower values than the weighted
mean scenario for all variables and months. Summing the monthly values gives annual reductions
of 12.2 MCM of SR, 10.8 of DS and 1.4 of UD.

In this respect, it is important to emphasize that management and adaptation strategies are vital
for decreasing the pressure on water resources as they reduce supply requirement, delivered supply
and unsatisfied demand, as the above comparison demonstrates.
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Fig.7. Supply-demand
relationship, weighted mean vs.
Adaptation 1, municipality of
Monteria.

4. Conclusions

The proposed methodology and the application of WEAP enable a comprehensive analysis of water
resources in the study region, which in turn enables a high degree of maneuverability in sustainable
resource management and in planning and design of strategies for adaptation, mitigation of adverse
effects and facilitation of positive aspects at the sector and area level as well as overall.

All climate scenarios analyzed for the Sinu-Caribe basin agree on temperature increases,
precipitation increases or decreases and flow reductions. This shows clearly the adverse effects
of global warming on water resources at the local and regional levels, which necessitates the
“regionalization” of global warming and the development of consolidating tools that enable detailed
observation and analysis of its effects, whether adverse or otherwise.

The inclusion of hydrological climate variables projected under potential changes is very
important, as they can be incorporated into different analyses, studies and in environmental, sector,
resource planning and management, ecosystem and territorial projections. As may be observed
in the present study, these enable planning on a much broader frame of reference and to a certain
extent, reduce uncertainty.

The mean weighted scenario could be a good alternative to use in the study area, as it is
constructed using projections from all the scenarios analyzed, but assuming that the most adverse
effects are avoided, a fundamental principle of environmental management.

The observations in the municipality of Monteria show the need to continue to improve systems
of water supply and reuse, and to develop new, more efficient supply technologies and fixtures, and
create new strategies and policies for efficient water use and treatment and for their incorporation
into water systems.

According to the projections derived from the different scenarios, current drought conditions
and biotic and physical degradation of the basin, the scarcity index, and pressure on water resources
will increase over time. This makes conservation of forests, vegetative cover and other water
regulating elements even more crucial, as well as recovery and reforestation of suitable areas.
Moreover, studies directed towards new agricultural planning and avoidance of the expansion of
areas devoted to agriculture should also be given priority.

WEAP can also be used to obtain much more information which was outside the scope of the
present study, such as power and water supply costs and income, costs and benefits of applicaton
of efficient water use policies and adaptation strategies, and water quality.
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The present research also included mitigation and adaptation strategies for all centers of demand,
which will be delivered in subsequent reports.
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