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Preface 
The  project  Adaptation to climate change in Colombia: a tipping point analysis was performed by 

Deltares, Future Water, SarVision and UNESCO-IHE and financed by the Dutch governmental 

program Partners for Water. It was executed in cooperation with the Department of Planning (DNP), 

Institute of Hydrology and Meteorology (IDEAM) and two basin authorities CorMagdalena and 

Cortolima. 

This report presents the overall project summary. More detailed analyses can be found in five 

additional technical reports. All information is available via the project’s website: www.climacol.nl 
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Introduction 
 

In this report possible impacts of climate change with respect to flood- and drought risks are 

assessed for the Coello basin (drought risks) and the upper and middle Magdalena basin (flood risks). 

Impacts of floods and droughts vary with uncertain future outcomes of climate and socio-economic 

changes. As a tool to make this uncertainty visible and practically useful for assessment and 

communication we need scenarios. 

Scenarios allow for impact assessment and enable robust decision making: what measures / 

strategies are robust under different futures? If developed in participatory process it may create 

awareness and support for possible future outcomes among stakeholders. 

We employ so called explorative scenarios that: “Describe how the future might unfold, according to 

major driving forces of change and based on external context”.  What is external context and what is 

not is defined by the definition of your system’s boundaries.  

A distinction is made between what can be influenced and controlled by Colombian water policy and 

management, (we call this adaptation measures or strategies), and what cannot be influenced and is 

externally enforced upon and/or evolving autonomously within the system, (we call that a scenario). 

See Error! Reference source not found..   

 

Figure 1 Schematic representation of the project setup.  

 

Of course, if no policies are made and implemented the river basin will develop autonomously in its 
land use, its sectorial water demands and river discharges will change with changing climate. At a 
certain moment critical thresholds will be surpassed, risks of flooding and water stress will grow 
unacceptably. 

 



5 
 

A stress test for water management under climate change 
 

In Climate Change Adaptation policy making, methods that are promoting a bottom up approach are 

gaining ground. Not the Climate Change itself is the leading argument for taking action but the key 

vulnerabilities of the area, sector, management practices and policies under consideration. Basically 

the question to formulate is: under what amount of change will we start failing to achieve our 

objectives or will we start to perform unacceptably?  

Imagine for instance a river basin with a basin authority providing water for consumption and 

irrigation and managing the flood risks by building and maintaining levees, reservoirs and flood pain 

management.  To do this in a proper way, objectives are defined between authorities and 

stakeholders for the amount and quality of water that needs to be delivered or the safety level that 

needs to be maintained.  Obviously these needs to be risk based objectives since we have to deal 

with large natural variability within we won’t be able to cope with all possible extremes. 

 

Figure 2 Graphical depiction of adaptation tipping points. 

Climate change will alter the river’s hydrological regime which may lead to an increase of droughts 

and floods in the future causing at a certain moment that objectives can no longer be met and 

current management and policy has to be reconsidered, new measures might need to be taken.  In 

scientific literature (Kwadijk et al. 2010, Haasnoot et al. 2012) these certain moments are called 

adaptation tipping points. The future occurrence depends heavily on the uncertainty in the speed 

and amount of climate change and on the definition of a critical level or acceptable risk level which 

may also change in time due to socio economic development and changing societal risk perception. 

Examples from the Netherlands 
In the climate adaptation program in the Netherlands (The Delta Program) this way of thinking was 

applied to define priorities for adaptation to climate change in water management. To give two 

short examples: 

- Critical levels for flood risk management in the Netherlands are defined by flood protection 

standards that depend on the potential damage and victims in an area. The standards define 

a protection level as a discharge and water level that should be accommodated with a 

certain probability. For instance in a large part of the Dutch Rhine river basin the flood 

protection system should be able to withstand discharges and water levels that occur once 

every 1250 years, corresponding with a current critical discharge of 16.000 m3/s. With help 
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of multiple climate scenarios, past rainfall statistics, hydrological and hydraulic models it was 

calculated that this critical discharge could increase to 17.000 or 18.000 m3/s in 2050. The 

current flood risk management practice (including planned room for river and dike 

reinforcement projects) which is designed to accommodate this 16.000 m3/s therefore 

should be reconsidered to incorporate possible future climate, meaning additional 

investments over the course of time. 

- Agricultural areas in the west of the Netherlands depend on the external supply of fresh 

water from the main rivers during summer. The national water authority is guiding (by sluice 

operation) as much as possible river water to the main water intake points where the 

regional water authority is directing it further over regional waterways to water users. Based 

on water use criteria the regional authority has defined goals for salinity of the water which 

is around 250 mg/l Chloride. Due to sea level rise and decreasing summer discharges 

however from the sea side, salt water will intrude further upstream and cause the salinity to 

increase near the intake point causing intake stops. Ultimately this leads to drought damage 

in different, mostly agricultural sectors.  By using climate scenarios and river models it was 

analyzed how often the situation currently happening 1/10 years, which was considered 

acceptable based on economic analysis, could occur under climate change. The range of 

outcomes given by the analysis was such large that in one scenario action (like different 

supply routes, increasing local water buffers) would be needed within twenty years and in 

another scenario might not be needed before the end of the century. This forced the 

decision makers to avoid making large investments on the short term (uncertain if needed) 

but start making small investments in enforcing capacity of already existing alternative 

supply routes.  
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Flood analysis under Climate Change for the Middle Magdalena river 
 

A similar but more global analysis as described above was done in two pilots in Colombia.  Defining 

critical thresholds to analyze adaption tipping points is not an easy thing to do if there are no clear 

flood protection standards yet or if there is no good insight yet in the acceptable risk levels and the 

increase of risks in past and future. However past floods provide the best information on hydrologic 

and hydrodynamic behavior of the flood and the casualties and damages that occurred to support 

such discussion, as well as Figure 3. It might be clear that the floods that occurred in the first half of 

2011 should be avoided in the future with or without climate change (see Figure 3). Therefore a 

hydrological analysis was done to estimate current and future discharges.  A hydrological model was 

built and calibrated for the upper and middle Magdalena Basin. Precipitation and minimum and 

maximum temperatures (translated into potential evaporation) based on 490 stations measured by 

IDEAM were used as input. The model was run for a reference period from 1980 until the end of 

2013.  

 

Figure 3 Satellite (MODIS) derived maximum flood extent maps for the Magdalena basin from Puerto Berrio to canal del 

Dique for a regular year (2005 left), 2011 (middle) and the difference (right) showing how serious the floods in 2011 

were. 
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In order to assess climate change impacts on discharges of the Magdalena river, these historical data 

were transformed to future climate scenarios taken from the latest IPCC report. To cover a plausible 

range of future climate uncertainty two IPCC scenarios (RCP4.5 and 8.5 from assessment report 5) 

were taken to drive two discriminating climate models (HadGEM2-ES from Hadley Centre UK and 

MPI-ES-LR from Max Planck Institute Germany) providing in total 4 climate projections for both mid 

(2036-2065) and end of the century (2071-2100). The hydrological model for Magdalena was run 

both for the historical reference period and these climate projections. An analysis of the effects of 

climate change on river discharges was done based on mean, minimum, maximum monthly flows 

and distributions of extreme values. The following plots illustrate results at the location of Puerto 

Berrio in the Middle Magdalena  basin for the projections obtained with the Hadley Centre Climate 

model. Results of mean, maximum and minimum monthly discharges (Figure 4) show an increase in 

discharges in the first rainy season (especially during April). The increase in discharges is less during 

the second rainy season of October, but still significant. Mean and minimum monthly discharges are 

projected to decrease between September and November for the high climate scenario (RCP8.5) at 

the end of the century. 

 

Figure 4 Mean, minimum and maximum monthly discharges at Puerto Berrio for mid and end century and for different 
RCP’s of the HadGEM2-ES climate model 

Also extreme values based on a so called Gumbel distribution were analyzed for the different 

scenarios, as shown in Figure 5. In this figure, as well as in Table 1, it can be seen that the return 

period of the discharge of the Magdalena river in the current climate is about 27 years. By the mid 

and end of the century this return period may be as much as once every 4 years on average. Note 

that the uncertainty bands around these estimates are large ranging for instance from 10-100 years 

for the return time of 2011 maximum discharge. 

The study on the impacts of climate change in the Magdalena basin shows an overall increase of the 

occurrence and the magnitude of extreme events. Additionally, overall mean discharges and 
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especially during the first rainy period (April) are expected to increase.  These results seem to be 

robust over the climate projections used in the study representing two different climate models and 

scenarios. To really estimate the occurrence and extent of floods and associated risks additional 

hydrodynamic and damage modeling is required. 

Discharge (m
3
/s) Current return period (years) Return period in 2050 

(years) 
Return period in 2100 
(years) 

8300  
(maximum 2011) 

27  5  4  

10.000  100 10 10 

Table 1 Change of return period under climate change for extreme discharges at Puerto Berrio. The 100 year return 
period is often used as design standard for flood protection systems in many countries. You could also derive from figure 
4 that the design discharge in 2050 would be around 14.000 m

3
/s. 

 

 

Figure 5 Gumbel extreme value analysis for mid and end century for different RCP’s of the HadGEM2-ES climate model. 
The points represent observations of annual maximum discharges and the thicker lines showing the different Gumbel 
fits for the different scenarios. The finer lines around the fits represent the uncertainty bounds. Since uncertainty bands 
do not overlap these outcomes are significant. The horizontal gray line depicts the discharge that was measured at 
Puerto Berrio during the 2011 flooding. 

 

Not only climate change effects on hydrology were considered. In addition three scenarios for land 

use leading to deforestation were considered: 1) Deforestation in general caused by ‘normal’ 

development like agriculture, livelihoods and infrastructure, 2) deforestation caused by mining of 

metals and 3) deforestation caused by the exploration and exploitation of hydrocarbons. 
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Land use change scenario Forest area converted to other 

land uses (Km
2

) 

Remaining forest 

area (Km
2

) 

Original forest area 
lost (%) 

1) General 
deforestation 

4,477.95 39,772.35 10.12 

2) Mining  5,146.72 39,103.58 11.63 

3) Hydrocarbons 2,075.55 42,174.75 4.69 

Table 2 Three future deforestation scenarios, 1) according to Etter (2006) 2) and 3) according to Fandino and van 
Wyngaarden (2006). The percentage lost show are the maximum estimated losses. 

Areas and locations vulnerable to one of these three causes for deforestation were derived from 

literature sources (see Table 2Figure 6) and mapped on current land cover maps from IDEAM (see 

example for hydrocarbon exploitation in Figure 6). In total (ignoring possible minor overlap between 

the 3 categories) a maximum of 25% of forest cover could be lost in the future. As a sensitivity 

analysis these maps were used to simulate plausible forest cover in 2050 and its influence on the 

hydrology in the Magdalena river basin. 

 

Figure 6 Forest loss areas based on the high conservation areas vulnerable to hydrocarbon exploration and exploitation 
projects, identified by Fandiño & van Wyngaarden. (2006) and the forest areas for 2005 identified by IDEAM, IGAC & 
CORMAGDALENA (2008) 
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On the large scale for the peak flows of the main stem of the Magdalena river at Puerto Berrio the 

influence of future deforestation did not seem to have a noticeable influence. At a smaller scale 

however closer to the actual potential deforestation areas the influence can be noticeable. At 

Payande for instance in the Coello basin peak flows and total yearly run off are show to slightly 

increase as a result of increasing deforestation up to 5% (see Figure 7). 

 

Figure 7 Discharges of the Coello river at Payande with and without deforestation included. 

 

Adaptation tipping points and pathways for managing flood risks along the 

Magdalena river. 
The above analysis shows that actual flood risk levels (for which the discharge at Puerto Berrio has 

been used as a proxy1) along the middle Magdalena river at Puerto Berrio are already high with a 

return period of 1/27 years (uncertainty range of 1/10-1/100) for the floods that occurred in 2011. 

Although there are no risk levels defined that should be met at least it could be concluded that given 

the consequences of the flooding in 2011, this is a return period, (also measured against 

international standards) that will be considered as unacceptable to Colombian society. 

Climate change will increase the flood risks under all climate scenarios considered (see Figure 8). 

Deforestation may have small additional effects in upstream catchments. 

                                                           
1
 Note that for really calculating flood risks, flood extent calculations and land use/vulnerability maps are 

needed in addition. This will also show that the risks will vary considerably depending on location within the 
basin. 
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Figure 8 In terms of adaptation tipping points it can be concluded that the current risk level (at which a discharge as 
occurred in 2011 has an estimated return period of 1/27 years) is already unacceptably high. Climate change will only 
increase the difference between actual flood risk management performance and societal demand. 

After the floods of 2011 serious action was taken by Colombian authorities. Among others an 

adaptation fund was erected to finance rebuilding and strengthen flood risk management. Dikes and 

other flood protection measures were being implemented.  In places ‘Room for river’ measures are 

being considered.  To better guide future investments it is recommended to estimate risk levels 

under different scenarios and possible adaptation actions (see for example Figure 9). 

 

Figure 9  Fictitious example of possible adaptation paths consisting of different types of actions that could be taken to 
mitigate flood risks in a river basin. 

Each of these actions will have different associated costs, will be more or less effective in reducing 

flood risks, will have more or less consequences (both positive or negative) for shipping, ecology and 

will be more or less robust or flexible to deal with future uncertainty. In assessing the effects of 

actions the Magdalena river should be considered as an integrated system with mutual up and down 

stream effects. 

  



13 
 

Analysis of water availability under Climate Change for the Coello 

river basin 
 

To simulate water availability within the Coello basin under different scenarios first a water 

distribution and allocation model was built, divided into five catchments. The external water supply 

influenced by the hydrological cycle und climate variability and change is prescribed by the 

hydrological model developed for the Magdalena River. For the analysis, the Coello basin was 

divided into five subbasins (Figure 10). 

 

Figure 10 Overview of the five catchments within the Coello basin as used in the water distribution and allocation model. 

For each of the five catchments the water demand is modelled based on available data, statistics 

and consultation with the water authority Cortolima. The model distinguishes various water users, 

including domestic (Ibague is the dominant user in catchment 4), industrial (mining is the dominant 

user in the upstream catchments) and irrigation (rice is the dominant user in the downstream 

catchments). 
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Figure 11 Average monthly unmet water demand (Million Cubic Meters) under the current climate (reference period 
1980-2013) per category (Irr=Irrigation, DomInd=Domestic and industrial) and district (1 to 5). The water demand of the 
city of Ibague is shown as a separate category. 

In Figure 11 it is shown that in the current climate there is already a considerable unmet water 

demand in the Coello basin, which is the difference between the water available from the river 

catchment and the water demanded by irrigation, industrial and domestic water use. In total volume 

the rice production concentrated in catchment 5 and 4 is dominating the picture with large deficits 

from December to March and June to August. However, also the water demand of Ibague, currently 

around 57 MCM (Million Cubic Meters)/year, cannot be fully met with an estimated average unmet 

demand of 16MCM/year. The total unmet demand of all use categories for the reference period is 

on average 878 MCM/year. Note that there is a large year to year variability. 

GCM/ climate 
scenario  
 

Projected period 
 

Unmet demand 
(MCM / year) 

Reference 1980-2013 878 

HadGEM2-ES rcp45 2036-2065 509 

HadGEM2-ES rcp45  2071-2100 609 

HadGEM2-ES rcp85 2036-2065 618 

HadGEM2-ES rcp85  2071-2100 1232 

MPI-ESM-LR rcp45 2036-2065 608 

MPI-ESM-LR rcp45 2071-2100 692 

MPI-ESM-LR rcp85 2036-2065 668 

MPI-ESM-LR rcp85 2071-2100 801 
Table 3 Average annual unmet demand under different climate projections based on either the Max Planck Institute 
climate model (MPI-ESM-LR) or Hadley centre climate model (HadGEM2-ES) and on IPCC emission scenario RCP 4.5 or 
RCP 8.5. 

Table 3 shows that within the range of climate models and emission scenarios looked at in this study 

there is only one projection (the HadGEM2-ES model with emission scenario RCP 8.5 for the period 

2071-2100) indicating a potential increase of the unmet demand under climate change. The other 
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seven projections show that due to an increase of runoff the unmet demand will decrease on 

average by 20-30 percent towards 2050 and by 10-20 percent towards 2100, withstanding a 

significant increase of irrigation water demand. 

Possible growth of the city of Ibague, an increase of mining activities and a change of crop patterns 

will also influence the future unmet demand especially in catchment 4 (Ibague). With experts from 

Colombia possible scenarios for changing water demands in the Coello-Combeima basin were 

estimated. Following these estimates Urban water demand could double by 2050, Mining water 

demand could increase by 40% and industrial water demand could increase by 180% in the Coello 

basin.  For the basin as a whole these potential changes have only a minor effect (< 5%) on the 

unmet water demand.  For catchment 4, Ibague, however these changes have a larger effect that 

could become critical. As can be seen in Figure 12 the unmet demand in the Combeima catchment 

(Ibague) could more than double mainly due to changes in water demand from the city of Ibague 

and upstream mining activities. 

  

Figure 12 Annual average unmet water demand (MCM) in Ibague catchment for the 34 year reference period (purple) 
and the estimate for a worst case future projection (maximum climate change + changes in water demand) 

To analyze if the current water demand and future changes herein reaches critical levels that ask for 

adaptation interventions we need to know what the target service levels in water supply are for 

different locations and sectors within the basin. Not every water shortage is critical, depending on 

size, timing and water use category (drinking water usually is considered more critical then 

irrigation). Therefore one could also look at the frequency of occurrence of a drought of a certain 

magnitude. For instance for Ibague, producing its drinking water from the Combeima river, a water 

shortage occurring in more than 10% of the months is currently 3.5 MCM, while in 2100 this could 

increase to 8 MCM as a result of climate change and increasing water demands. 
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Adaptation tipping points and pathways for managing water shortages in 

the Coello basin. 
Under the current climate water shortages are regularly encountered within the Coello basin and 

apparently are dealt with in such way that water shortages are still an issue where improvement is 

needed.   

 

Figure 13 In terms of tipping points for adaptation the situation in the Coello basin is unclear. First of all there is a lack of 
objectives, but how critical water shortages are is also strongly dependent on the water use category (drinking water 
versus irrigation) and location within the basin. For Ibague for instance the critical level could already almost be reached. 
Secondly future scenarios are ambiguous. Most show a general decrease of water shortage but under one scenario and 
also locally due to increasing water demands there also might be an increase. 

However, clear objectives are not available. For the basin as a whole in most future scenarios these 

water shortages will decrease considerably, but will not disappear. In one of the eight scenarios 

there might even be a strong increase in water shortage in the second half of the century. For the 

Combeima catchment the water use of Ibague and upstream mining might lead to a further increase 

of water shortages, irrespectively of climate change. 

There are quite some possible actions that can be taken to mitigate water shortages in the Coello 

basin. Also autonomous economic development of the agricultural sector will be of major influence. 

Colombian experts concluded that in most possible future scenarios the agricultural sector (rice) will 

become smaller due to envisaged economic circumstances. This obviously will be of influence on the 

water demand. 

 

Figure 14  Fictitious example of possible adaptation paths consisting of different types of actions that could be taken to 
mitigate water shortages in a river basin. Each of these actions will have different associated costs, will be more or less 
effective in reducing water shortages, will have more or less side effects (both positive or negative) and will be more or 
less robust or flexible to deal with future uncertainty. 
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In terms of adaptation actions (seeFigure 14) this can be seen as a change in crops. But also other 

actions can be taken. On an annual basis there is no water shortage in the Coello basin. Increasing 

current reservoir capacity, retaining either river water or rain water on a small or large scale, could 

therefore be an effective solution.  

Both these actions were implemented in the model as follows:  

 Changes in cropping patterns: Currently mainly paddy rice is practiced in the region. This 

intervention assumes that paddy rice will be replaced by a less water consuming irrigated 

crop, approximated by choosing wheat. 

 Construction of reservoirs: It is assumed that two reservoirs will be constructed. The first 

one on the Combeima River upstream of Ibague and another one on the main stem of the 

Coello River somewhere around Cocorna. 

Effectiveness of those two interventions on unmet demand (water shortages) is shown in Figure 15. 

For instance the maximum annual projected unmet demand according to the worst case future 

scenario is 2,480 MCM. This number goes down to 410 and 550 MCM under the cropping and 

reservoir interventions, respectively. Interesting is that water shortage under those two 

interventions are even lower than current water shortages without climate change.  Besides these 

annual and monthly unmet demands, equally important is the monthly distribution of unmet 

demand. A distribution of these monthly unmet demands is plotted in Figure 15. It is clear that the 

two interventions reduce substantially the monthly shortages. The 1% most water- short months 

remains somewhat unaltered, but especially the 2% to 30% driest months are far less extreme. 

 
 
Figure 15 Effectiveness of two interventions (crop change paddy rice into wheat and building reservoirs in Combeima 
and Coello) on average monthly unmet demand expressed as the percentage of months in which a certain amount of 
unmet demand occurs. 
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Conclusions and outlook 
 

This demonstration study has provided a systematic analysis of future risks of flooding and water 

shortages for the upper and middle Magdalena and Coello river basin respectively. In this analysis 

plausible future projections of climate (based on IPCC fifth assessment) , land use and water demand 

(based on expert workshops and literature) were used to explore extremes in rainfall and discharges , 

using state of the art downscaling and hydrological modeling tools, and to explore future water 

shortages using a state of the art water allocation model.  Recent maps, data and expertise of 

Colombian partners were used to provide necessary inputs and to validate the tools used. In 

summary the main conclusions are: 

- Climate scenarios show a persistent increase in the occurrence of extreme rainfall events. 

- As a consequence extreme discharges like in 2011 are likely to increase as well. The return 

period of the 2011 discharge is already quite high (probably unacceptably high) under 

current climate and might increase by a factor five to once every five years under climate 

change.   

- Changes in forest cover may have additional adverse effects on peak discharges in locations 

upstream in tributary rivers of the Magdalena. 

- Only one out of eight climate scenarios show decrease in precipitation in one of the growing 

seasons. 

- Consequently only this one climate scenario leads to an increase of the unmet water 

demand in the Coello basin. This unmet demand is however also under the current climate 

substantial.  All other scenarios lead to a decrease of the unmet demand. 

- Locally the unmet water demand seems to be most critical in the Combeima sub basin. Here 

also future growth of the population and mining activities might adversely impact the water 

shortage. 

- Including some reservoirs and changes in irrigation needs due to changes in crops have the 

potential to additionally decrease water shortages substantially. 

Being a demonstration project covering a wide range of topics by quick analysis, with the character 

of a sensitivity analysis more than of a thorough study, also implies that the above results should be 

handled with care. There are a number of key shortcomings to mention here, that are the same time 

can be read as recommendations for possible follow up activities: 

- Scenarios – There is considerable debate among scientist about which GCM’s to use for 

climate projections. IPCC is arguing that there is no ‘best model’ and a wide ensemble of 

models should be used. Often however, single models are chosen that have the best 

performance over the reference period.  At the same time it is well known that for 

projections up to 2050 differences between models are dominating over differences in input 

emission scenarios (RCP). Also methods for downscaling may take extremes in precipitation 

more or less into account. The scenarios used in this study differ from other studies done for 

Colombia (also by IDEAM) both in what GCMs are taken as a basis and in what downscaling 

methods are applied. A thorough analysis of differences and their origin between different 

studies is therefore recommended 
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- From discharges to risks – In this study discharges in combination with past flooding data 

are used as a proxy for risks. Although this gives an indication, for a proper risk analysis a 

much more extensive model and spatial analysis is needed including  improved run off 

modeling taking into account reservoirs, coupling of the hydrological model with hydraulic 

models including two-dimensional flood patterns, combination of flood hazard maps with 

vulnerability maps and validated damage cost assessment. Most of tools needed are for a 

large part available or under development at CorMagdalena and IDEAM. Most complicated 

probably will be the coupling of models of the different connected systems in the Mojana 

area.  

- Full assessment of measures – In this study measures for adaptation are only very briefly 

touched upon. For real adaptation planning full assessment of possible intervention is 

needed, including effects on economy and environmental quality. It is also key to include 

ongoing developments in flood protection, water retention and spatial planning. 

- Inclusion of policy and institutional arrangements – there are a number of questions 

related to these that were not treated in this study.  The study revealed that there are no 

clear objectives set for managing climatic risks neither at national nor at a more regional 

policy level. Quantifiable accepted objectives and acceptable pathways for adaptation could 

be achieved as a result of a participative policy process supported by proper knowledge and 

studies as suggested above.  This requires also a thorough analysis of institutions at different 

levels, their decisive power, the available policy instruments and the required level of 

cooperation within the river basin 
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