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Abstract 
Páramo ecosystems are unique alpine grasslands found at high altitudes (2000-5000 m a.s.l.) 
in the Andean mountain range. While they provide a wide range of important ecosystem 
services, such as organic carbon sinks, protect endemic species, provide agriculture services, 
act as recreation sites etc., their perhaps most important service is found in their ability to 
regulate water flows. The unique volcanic soil properties and endemic plant life that resides in 
these areas have an exceptional ability to capture, regulate and store water. Colombia has the 
world’s largest stretch of páramo areas, which supply almost the entire country with clean tap 
water without active filtration initiatives. Currently there are around seven million people 
living in Bogotá, the main capital. Northeast of the capital, in the Eastern Range of the 
Colombian Andes, the Chingaza National Park (CNP) is located. In this park, there are 
approximately 645 km² of páramo ecosystems, which supplies around 80 % of all the tap 
water used in Bogotá. However, with an expanding population growth and urbanisation, the 
demand for water is increasing rapidly. The long-lasting conflict within the country has 
prevented the exploitation of the economical goods belonging to the páramo ecosystems. 
Recent peace agreements have opened up for international trade, tourism and an expanding 
industry. However, the lack of regulations, which protect the páramo ecosystems, have now 
resulted in an increasing pressure of these systems. As such, sustainable adaptation plans are 
required across multiple stakeholder levels in order to prevent further deterioration of the 
páramos. Moreover, the anthropogenic climate changes are posing a threat to these fragile 
environments. An increasing temperature and changing rainfall patterns are expected to affect 
the hydroclimatic conditions, especially on high altitudes where these ecosystems are located.   
Nevertheless, the internal and external processes governing these ecosystems are highly 
complex and the knowledge gaps are many. One reason for this is that the remote and 
inaccessible locations results in generally scarcely distributed networks of monitoring 
stations. In this study, CNP was chosen due to the relatively well-monitored network of 
stations. Long-term temperature, precipitation and runoff data was analysed to identify the 
hydroclimatic conditions in the park. Regional downscaled precipitation, minimum and 
maximum temperature simulations under the Representative Concentration Pathways (RCP) 
4.5 and 8.5, covering the period 2041-2065 were obtained from the WorldClim 1.4 database. 
Interpolated historical observations for the same parameters but during the period 1960-1990, 
covering CNP, were derived from the same database. These interpolated historical parameters 
were used for establishing upper and lower precipitation and temperature boundaries for 
where a páramo ecosystem can thrive during future RCP-scenarios. Historically, the 
hydroclimatic conditions in CNP has been characterised by a high input of water from 
precipitation, low evapotranspiration due to low temperatures and clouds presence, and a 
stable and abundant runoff. However, the results from this study suggest increasing 
temperature and precipitation boundaries during both RCP 4.5 and RCP 8.5 compared to 
historical interpolated data. Furthermore, there is a tendency towards prolonged and amplified 
seasons, with wetter wet season and drier dry seasons. When mapping suitable páramo 
environments under future RCP-scenarios, there is a tendency towards decreasing suitable 
páramo areas, especially during dry season. However, the findings in this report are merely 
based on temperature and precipitation parameters. Other forcing factors (ENSO, cloud cover, 
fog, occult precipitation, land use etc.) that also influence these environments and the ability 
to adapt to new hydroclimatic conditions, were not investigated. In order to prevent further 
loss of these environments and their associated ecosystem services, it is recommended to 
apply modern techniques, such as remote sensing in combination with traditional fieldwork, 
point samples and hydrological models in future studies.  
Key words: Páramo ecosystems, hydroclimate, RCP-scenarios, climate change, water supply, Chingaza National Park, 
Colombia. 
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1. Introduction 
Páramos are tropical high alpine tundra ecosystems, consisting of meadows and scrub 
vegetation that exist above the continuous forest line but under the permanent snowline in the 
Andes mountain range, South America (Hribljan et al., 2016). They act as unique habitats for 
a variety of species and their great capacity to store water makes them interesting from a 
hydrological point of view because they supply large parts of the continent with water. About 
80 % of all tap water in Bogotá comes from these páramo ecosystems and they supply 
numerous of surrounding cities as well (Morales-Rivas et al., 2019). Moreover, the páramos 
are providing water to the tributaries flowing into the Amazon basin and the water is utilized 
for a range of purposes, such as irrigation for agriculture, drinking water, hydropower and 
industry. The cold climate and slow soil decomposition rates make páramos optimal 
environments for storing and accumulating organic carbon (Buytaert et al., 2005).  
 
Colombia has one of the longest stretches of páramos in the world, but the documentation and 
exploitation of these areas are scarce due to the previous chronic conflict and lack of security 
within the country. Although debated, it seems that it is finally possible to start investigating 
the status of the Colombian páramos due to the recent peace negotiations with the largest 
guerrilla group in the country (Aguilar, Ramírez, Sierra, & Vargas, 2015). There is an urgent 
need to develop sustainable long-term management plans to assure that both private interests 
and companies can benefit from the goods and services provided by the páramos without 
jeopardizing the ecosystems (Baptiste et al., 2017). However, there are still many aspects to 
consider before starting to exploit and cultivate the sensitive páramos. Land use and climate 
changes have to be better studied and accounted for in order to minimize the risks of 
underestimating the complex relationship between natural páramo ecosystems and human 
impacts (Rodríguez, Armenteras, & Alumbreros, 2013). During the conflict era, some parts of 
the natural landscape were used as military hideouts and were therefore protected from 
intense grazing, agricultural usage, mining or similar harmful activities. Consecutively, other 
parts of the landscape were instead subjected to a higher exploitative pressure, which led to an 
environmental degradation of these areas (Sierra et al., 2017; Murcia & Guariguata, 2015). 
This management of land use has led to a development of isolated and sporadically located 
ecosystems in the landscape. In a post-conflict state, shifted economic interests could lead to 
increasing pressure of both protected and unprotected ecosystems. The adaptation plans must 
be multi-disciplinary and include stakeholders at all levels, not least the indigenous and Afro-
American communities, which are essential caretakers of the country’s ecosystems (Aguilar et 
al., 2015; Clerici et al., 2016; Clerici et al., 2019).   
 
A growing population, climate change, expanding tourism, and cultivation of the páramo 
landscape pose a threat to the páramo ecosystems and future water supply in the country 
(Buytaert et al., 2006a). Even though Colombia is one of the most water abundant countries in 
the world, the spatial distribution of people is highly concentrated around the urban centres, 
creating water-stressed hot spots (OECD, 2014). The urbanisation has led to that around one-
third of the population living in water-stressed areas, with páramo water being the main water 
resource. Currently, around 70 % of the Colombian population depends on the water provided 
by the páramos (MADS, 2017).  
 
Apart from a growing water demand from the páramo ecosystems, the energy and water 
balance are expected to change owing to climate change. A higher energy input is likely to 
increase the long-term average temperature as well as alter the rainfall patterns in the páramo 
regions (Ruiz, Martinson and Vergara, 2012). Further, warming at high altitudes could 



2 
 

increase considerably faster than predicted by general circulation models, which could have 
severe consequences for the páramo ecosystems. The magnitude of warming in the tropical 
Andes is amongst the most severe globally and can be comparable with the ongoing warming 
at high latitudes in the Nordic Hemisphere. Considering that there are millions of people, 
many of them which are economically vulnerable, given their direct dependency on the 
ecosystem services provided from the Andean páramos, the consequences would be severe if 
these ecosystems stopped providing its current goods and services (Anderson et al., 2011). An 
upward shift of ecosystem boundaries to higher altitudes, mass migration-or extinction of 
endemic species, diminishing permanent water bodies and retreating glaciers are a few of the 
threats that are related with such elevation dependent warming (Pepin et al., 2015; Ruiz et al., 
2012).  
 
All the above-mentioned issues will affect the hydrological cycle and water budget in the 
páramos to some extent. As a result, the currently wet and carbon rich soils could dry up, 
induce a higher decomposition, and instead start emitting CO2 to the atmosphere, converting 
páramo ecosystems from sinks to sources of carbon emissions (Anderson et al., 2011). 
Moreover, páramo soils regulate the water through their high infiltration capacity and 
potential to retain the water. Human induced activities, such as intense afforestation, 
deforestation or agricultural practices could lead to irreversible soil degradation and declining 
water retention capability of the páramo soils and vegetation. This because the primary 
vegetation cover is removed, the soil is ploughed and drained (Buytaert, Cuesta, & Tobón, 
2011).  
 
Páramo ecosystems are unique and irreplaceable environments, which have had a key role for 
both human beings and endemic species for centuries. Their protected locations have 
guaranteed good quality drinking water, habitat for endemic species, recreation and other 
essential ecosystem services, which are now under threat (Alvarez, 2015). However, the 
recent peace-state within the country has opened up for a new research field about the páramo 
ecosystems. Little is known about all the complex interactions and processes in these systems 
but there is both an international and national ambition to start investigating these knowledge 
gaps. For example, the government in Colombia has adapted a national plan with the purpose 
of targeting some of the Sustainable Development Goals (SDG) that have been developed 
internationally to assure a sustainable development and guarantee welfare for future 
generation (UN, 2019a). This national plan has resulted in a variety of projects to achieve 
some of these goals, for example goal number 6 “Clean Water and Sanitation” and 16 “Peace, 
justice and strong institutions” are linked with the ambition of protecting and preserving the 
páramo ecosystems (UN, 2019b; Rivera & Rodríguez, 2011; Alvarez, 2015).  Moreover, there 
are international interests in protecting, restoring and preserving these ecosystems. An 
example is the intergovernmental wetland convention, termed Ramsar, who has listed seven 
sites in Colombia as Wetlands of International Importance (Ramsar sites) whereas two of 
them are páramo ecosystems (Ramsar, 2014). The Global Wetland Ecohydrology Network 
(GWEN) are also listing several páramo regions as study hotspots (Jaramillo et al., 2019). 
 
An improved scientific research collaboration, which shares data and knowledge is needed in 
order to fill existing research gaps, gain a deeper insight and to develop new technologies that 
assure sustainable ecosystem services in both natural and cultivated Andean ecosystems 
(Dangles, Restrepo & Montúfar, 2019). Gaining an improved knowledge about the complex 
interactions and processes, which govern the páramo ecosystems, could ease the task of 
determining ecosystem boundaries and the forcing factors that are influencing these systems. 
The perhaps strongest influencer, determining a natural ecosystem boundary, is the climate 
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(Bailey, 2004). This is because the climate regulates the energy input and moisture, which are 
essential elements for all living-and non-living components in an ecosystem. However, the 
lack of long-term data in these environments calls out for alternative approaches, such as 
remote sensing and the regional downscaling of Global Climate Models (Neteler, 2010; 
Rodríguez, 2012). Currently, there are several models providing fine scale simulations of 
temperature and precipitation over large parts of the world. For example, the WorldClim 
version 1.4 dataset has both interpolated historical data and future climate condition scenarios 
for different Representative Concentration Pathways (RCPs). These data were applied in this 
study as a complement to the actual observed dataset. Temperature and precipitation are 
essential variables when evaluating the hydroclimate and water balance and were therefore 
investigated as the key parameters influencing the páramo ecosystems. Simulations of future 
climate scenarios could aid decision making processes and the detection of hot-spots 
(Rodríguez et al., 2013).          
 
1.2 Objectives and research questions 
Existing studies have shown the variety of issues related with current and future development 
of the páramos. Both climate change and land use change pose a threat to these sensitive high 
altitude páramo ecosystems, especially in post-conflict Colombia where there are few current 
protecting measures of these environments and environmental degradation is rampant. An 
improved understanding of the hydrological processes in the páramos is needed to support 
decision making processes and to guarantee future water quality and quantity in the 
Colombian post-conflict era (Buytaert et al., 2006a). Currently, the knowledge of 
hydrological processes in Colombian páramos is limited. This is partly due to monitoring 
difficulties and previously unsafe areas for fieldwork. Hence, ceasefire in the country, and 
present improved climate models would lead to new and enhanced studies of these areas. 
Moreover, páramos are usually located in highly inaccessible and remote locations, which 
impede consistent and accurate long-term observations of relevant climate parameters, such as 
temperature, precipitation and runoff. This study therefore aims to combine regional 
downscaled climate model data with interpolated historical data and actual point observation 
data, in order to assess the historical and future hydroclimatic conditions in the páramos of 
Chingaza National Park (CNP). The global Community Climare System Model (CCSM4) was 
chosen to simulate future (2041-2060) temperature and precipitation for RCP 4.5 and RCP 
8.5. The interpolated historical observations for temperature and precipitation cover the 
period 1960-1990, while the actual point observations only have sporadically data for 
temperature, precipitation and runoff (section 3.2.2).  
 
A field visit to the study site (CNP) was carried out during a two month long Minor Field 
Study to Colombia, financed by the Swedish International Developing Agency (SIDA). The 
study site was chosen based on data availability but also due to existing research and 
collaborations with researchers from Universidad Del Rosario, Bogotá, whom operates in the 
area. Moreover, because the study tries to identify ecosystem changes derived from 
anthropogenic climate change, the pristine location of the study area is optimal for cancelling 
out other forcing factors. CNP is located in the eastern range of the Colombian Andes, 
northeast of Bogotá and hosts one of the most important páramo ecosystems in Colombia 
because it provides water to the megacity of Bogotá (Figure 1). Further, the Convention on 
Wetlands has listed a part of the park as a Ramsar wetland site, which means that it is out of 
international importance and interest to preserve this area.  
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The following research questions will be asked: 
 

1 In which ways are the páramo ecosystems in CNP threatened, what would be the 
consequences, regarding the extension of páramo area but also for downstream 
population, if the ecosystems stopped providing its current ecosystem services, as a 
result from anthropogenic climate change? 
 

2 How has the hydroclimatic characterization for CNP developed from recent past, up to 
current, concerning pattern shifts in precipitation, temperature and runoff?   
 

3 How will the hydroclimatic state in the studied region be affected by simulated future 
scenarios, RCP 4.5 and RCP 8.5 for 2041-2060, in post-conflict Colombia?  
 

4 Is it possible to establish temperature and precipitation boundaries for suitable páramo 
environments, based on interpolated historical observations? Will the studied páramo 
ecosystem disappear, or move, under future climate scenarios? 
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2. Study area 
2.1 Páramo ecosystems in Colombia  

 
Figure 1.A) The regions in Colombia with focus on Bogotá, B) The location of the study area Chingaza National Park (CNP) 
with the two catchments C1 and C2. C) Ramsar site and its geographical characteristics. Sources: IDEAM, ESRI, SIAC.  

Páramo ecosystems are difficult to universally define because they all differentiate from each 
other to some extent depending on their location and site-specific characteristics. There are 
133 types of ecosystems in the northern and central Andeans, which further can be grouped 
into nine major classes. The páramo ecosystem constitutes one out of these nine groups and is 
particularly vulnerable for climate changes due to its isolated location, habitat for a range of 
endemic species (Anderson et al., 2011). Although many of the páramo ecosystems are not 
internally comparable, they have some common characteristics. They are all classified as 
isolated tropical alpine areas with a cold, cloudy and humid climate, located in the Andean 
mountain range on an altitude between 3000 and 5000 m a.s.l. (Morales-Rivas et al., 2019). In 
total, there are between 35 000 and 77 000 km² of páramos distributed over Ecuador, 
Colombia, Costa Rica, Venezuela and Peru (Buytaert et al., 2006c). The large range depends 
on uncertainties related with classification difficulties of the lower páramo boundary. 
Colombia is the country with the largest fraction of páramo ecosystems, around 19 000 km² 
(Figure 2). More than half of these páramo ecosystems are expected to become severely 
affected by upcoming warming by 2050 (Ruiz, Moreno, & Gutiérrez et al., 2008). 
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Figure 2. Map 1) the green colour illustrate the extension of páramo areas across Colombia. Map 2) In zoom of CNP with 
catchment 1 (grey polygon) and 2 (yellow polygon) and the Ramsar site (red polygon). Sources: IDEAM, SIAC, research 
collaboration from CNP.  

Páramos are influenced both by both local and regional forcing factors. The weather 
phenomena El Niño Southern Oscillation (ENSO) is one example of an external influencer, 
which affect the páramo hydroclimate inter-annually (NOAA, 2019, Appendix). The two 
extreme phases are La Niña, which is the cold and wet phase, and El Niño, the dry and warm 
phase. There is an oscillating pattern between these states, which affects the rainfall and 
temperature patterns across the tropics (NWS, 2019).  El Niño is stronger during the two dry 
seasons that usually occur in central Colombia (Poveda et al., 2001). The change in the 
ENSO-pattern, related with future global warming is uncertain but existing studies suggest an 
increasing length and intensity for the two extreme phases (Buytaert et al., 2006a; Van der 
Hammen et al., 2004).  
 
Defining the climate in the Andean páramos is difficult due to the extreme variations in time 
and space. These microclimatological deviations are the result of a varying topography, 
vegetation, soil characteristics, land use etc. However, the most common climate 
characteristics for a typical páramo ecosystem are the constant input of water, presence of 
clouds, occult precipitation and the frajleon (Espeletia) vegetation which covers large parts of 
the land cover (Cárdenas, 2016). Figure 3 show an example of three different páramo 
ecosystems in Colombia, the páramo of Sumapaz, Iguaque and Chingaza. They are all located 
adjacent to Bogotá and have similar hydro-climatic conditions. Chingaza is the only páramo 
with a unimodal precipitation pattern, while the others have bimodal patterns. The relatively 
cold and wet climate in combination with the Histic Andosols transforms páramos into 
optimal environments for storing water and accumulating carbon (Buytaert, Wyseure, De 
Bievre, & Deckers, 2005). The ecosystem services provided by the pármos are boundless and 
the consequences from losing these environments would be numerous and affect many 
people, plants and animals.  
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Figure 3. Sumapaz National Park with the typical Frajleon vegetation, in the top left. Top right is picturing another Frajleon 
plant from Iguaque National Park. The left pictures in the bottom show the big Laguna Chingaza reservoir in Chingaza 
National park and another dry lagoon to the right.  

2.2 The Páramo of Chingaza National Park 
The páramo ecosystems evaluated in this study are located in Chingaza National Park (CNP) 
(4°40’6.38’’N to 4°41’00’’N and 73°49’5.27’’W to 73°50’19.5’’W), adjacent to Bogotá. 
There are three branches of the Colombian Andes, the Eastern, Western and the Central 
Range. CNP belongs to the Eastern Range, which extends northeast towards the Guajira 
Peninsula, and includes large cities such as Bogotá, Bucaramanga and Cúcuta. The total area 
of CNP is around 766 km², of which 645 km² is classified as páramo ecosystems (Figure 2). 
All páramo ecosystems in the park are situated at an altitude ranging between 2020 and 3760 
m a.s.l. The study site was chosen mainly due to data availability and ongoing research in the 
area. Volcanic activity, orogenesis and glacial action have been shaping the characteristic 
landscape, with deep valleys, jagged peaks and a varying topography (Figure 3). The park is 
protected from deteriorating anthropogenic activities, as a small part of the project “National 
Development Plan of Colombia” (NPD, 2019). Only around six percent of the total area is 
currently used for agricultural purposes, where the main crop is potato (Morales-Rivas et al., 
2019). However, human activities, such as agriculture, grazing, water extraction and so forth, 
are still occurring in the area.  
 
Historically, the many lagoons in the park have had a sacred meaning for the Muisca religion 
in the region although the numbers of people practicing the religion presently are few. 
Nevertheless, the lagoons still have a hydrological function by acting as buffers during dry 
season (Rios, Torres & Zamora, 2012). Furthermore, the park is highly relevant from a water 
resource perspective due to its vast area of páramo vegetation that provides downstream parts 
of Andes with water (Gil & Tobón., 2016). Ramsar (2008) has mapped and recognized 
several páramo ecosystems in Colombia as internationally important (Figure 4). One of the 
most important Ramsar sites is located in CNP and is highly significant due to the range of 
ecosystem services provided by the area, such as capturing organic carbon, storing and 
filtering water, preventing flash floods and droughts, acting as cradles for several of endemic 



8 
 

species and so forth (Ramsar, 2008). There are up to 15 natural sub-ecosystems in CNP, 
where the major one is the Páramo húmedo en montana erosional (humid páramo with an 
erosional structure) which accounts for around 63% of the total park area (Figure 2). 
 

 
Figure 4. 1) Páramo (red) and Ramsar (orange) sites in Colombia. 2) Elevation map with the discharge stations used in the 
study. The catchment outlet 1 and 6 were used to delineate catchment 1 (C1) and 2 (C2). 3) Precipitation stations used to 
calculate the Theissen polygons, which are the colourful polygons visualized in the map. The two temperature stations (red 
lightning) are also given, where the top one, Chuza Presa Golilas, represents the temperature at C2 and the lowest one, 
Chingaza Campamento, refers to C1. More details for each precipitation, discharge and temperature station number can be 
found in figure 5-7 and table 1-2. Sources: IDEAM, SIAC, USGS, researchers from CNP.  

The hydro-climatic settings in the CNP is characterised by an annual mean temperature and 
precipitation around 11℃ and 2000-3100 mm, respectively. Although, owing to internal 
microclimatic variations. Even though the inter-annual temperature fluctuation is less 
pronounced, daily temperature fluctuations ranging from 2℃ to 26℃ can occur. The daily 
temperature is fluctuating more rapidly during the dry season (December to March) due to the 
absence of clouds. During the wet season (April to November), the precipitation input is 
constant but with local variations within the park. Even though the precipitation is abundant 
throughout the year, the evapotranspiration is low. This is explained by the persistent cloud 
cover, fog and low leaf area index (Cárdenas, 2016; Sanchez, Posada, & Smith, 2014). Due to 
the elevated location of the páramo ecosystems, the phenomenon of orographic precipitation 
is common. This occurs when humid winds from the east encounter the mountain range. The 
air is forced to rise rapidly and the change in temperature and pressure creates orographic 
clouds with intense rainfall (Buytaet et al., 2010). Annually, around 4500 mm of precipitation 
falls on the Eastern Ranges of the Colombian Andes as an effect from orographic 
precipitation, gradually declining to around 1500 mm on the Western slope. The annual 
precipitation pattern has a unimodal shape where more than 60 % of the total rainfall occurs 
between May and August. Months with the least precipitation are December to February, 
where only about 17 % of the total rainfall take place (Morales-Rivas et al., 2019).  
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2.3 Hydrology in páramo ecosystems of Chingaza National Park 
The páramos in CNP are amongst the most humid in the country, with an exceptionally high 
rainfall-runoff ratio. There are numerous reasons for this;  

• The rainfall intensity is relatively low but constant, which benefit infiltration instead 
of surface runoff (Cárdenas, 2016). 

• The large organic content in Histic Andosols, representative for Andean páramo soils, 
creates optimal conditions for water storage capacity and water regulating properties. 
The soil characteristics are one of the most important factors for the sustained 
baseflow, which regulates the water to rivers and lakes further downstream (Buytaert 
et al., 2005; Buytaert et al., 2006a). The high hydraulic conductivity in the histosols 
contributes to a steady streamflow runoff, with subsurface flow being the main 
hydrological process in the páramo environments (Mosquera et al., 2016). 

• A low seasonality with constant water input from rain and fog. 
• The typical páramo vegetation, which has a unique plant structure with low leaf area 

index to prevent evapotranspiration due to the intense solar radiation at these altitudes. 
• Orogenic and glaciological processes have created a discontinuous topography with 

valleys and depressions where the water is accumulated in lagoons and lakes (Rios & 
Pedraza, 2003).  
 

All of the above factors contribute to that around 80 % of all water in Bogotá comes from the 
páramos in CNP and that the supply is constant throughout the year (Buytaert et al., 2005). 
Additional inputs to the terrestrial water balance in these environments are contributed from 
occult precipitation and fog to the constant water supply, but these are difficult to detect with 
normal weather measuring instruments. Furthermore, the low temperature in combination 
with cloud cover decrease the loss of water from evapotranspiration (Cardenas, 2016). 
 
The climate and the occurrence of a Quaternary ash-layer are determining the type of soil and 
its properties (Buytaert et al., 2005; Rios & Pedraza, 2002; Rivera & Rodríguez, 2011; Tol & 
Cleef, 1994). As previously mentioned, the páramo soils are the key factors for the constant 
and plentiful supply of water from these environments. The majority of all páramo soils were 
formed 10,000 years ago, although there are regions with younger soils due to active 
volcanoes. Andisol, Entisol, Inceptisole and Histosol are the most common soils. Most of 
them are homogeneous nutrient-rich volcanic soils that are beneficial for the páramo 
vegetation. Low temperature, atmospheric pressure and high humidity result in slow soil 
regeneration, which decrease the microbial decomposition and favour the accumulation of 
organic carbon. The soil properties and composition are resistance to microbial decomposition 
and therefore yield dark and porous soils with a great water retention capacity. Depending on 
the topography and geological factors, the soil depth can vary from a few centimetres to 
several meters. 
 
Apart from variations in topography, slope, aspect and other local features, there are some 
large-scale weather systems influencing the water balance in CNP. El Niño Southern 
Oscillation (ENSO) for example, controls the input of precipitation in the region and varies 
according to the inter-annual or decadal cycles of El Niño (Cárdenas, 2016). However, 
knowledge gaps about how ENSO is related to hydro-climatic changes in CNP, in 
combination with the general lack of data, resulted in a more detailed assessment of two 
smaller catchments within the park, catchment 1 and 2 (henceforth referred to as C1 and C2, 
respectively) (Figure 4). Moreover, smaller catchments are usually more homogenous and it is 
therefore easier to establish more reasonable water balances (Buytaert et al., 2006c). The area 
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for C1 is approximately 78 km², while C2 has an area around 60 km². The Ramsar (2008) site 
is roughly around 41 km² (Latitude: 4° 30' 26, 56″ North and Longitude: 73° 45' 18, 13″ East).   
 
2.4 Future threats 
Climate change is posing a threat to the páramo ecosystems on several levels. On a large 
scale, the increasing radiation input could induce a higher evapotranspiration, reduce the 
cloud cover at low elevations, which would stress the environment. A higher energy input 
could also threaten the glaciers and permanent water bodies (Turbeas) which are essential 
during the dry season when they act as water buffers (Rios & Pedraza, 2002). Prolonged 
drought periods could be amplified by changing ENSO patterns, however, these dynamics are 
relatively poorly understood (Cárdenas, 2016). Rising temperatures in combination with an 
increasing evapotranspiration could reduce the streamflow in rivers supplied by water from 
the páramos. This could have implications for the hydroelectricity, which currently yield 
approximately 40 % of all hydroelectric power in the country (MADS, 2019). The 
atmospheric stability could shift as a consequence of global warming, which could diminish 
the cloud cover at low elevations, reduce the occult precipitation and strengthen the 
evapotranspiration. Furthermore, such dynamics could trigger unknown feedback loops 
(Cárdenas, 2016).  
 
Apart from anthropogenic climate change, there is a risk with unsustainable land use changes 
and irresponsible water extraction. For instance, a diminishing cloud cover could expose the 
dark páramo soils and induce a greater evapotranspiration. Additionally, intense grazing and 
agricultural practice could change the current soil properties and cause irreversible damages. 
The consequences from this could be a higher surface runoff in combination with a declining 
soil infiltration capacity. However, more studies about the complex interlinked processes in 
these páramo ecosystems are needed to assure a sustainable use of the ecosystem services 
provided from these páramo environments. Current data scarcity and knowledge gaps 
highlight the importance of fieldwork and a continuation of data retrieval (Buytaert et al., 
2005; Buytaert et al., 2006c; Célleri & Feyen, 2009).  
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3. Method 
Andean páramo ecosystems are threatened by ongoing climate change and land use change 
and could stop providing its current ecosystem services if actions are not taken (Baptiste et 
al., 2017 & Buytaert et al., 2011). To answer the first research question regarding the ways 
páramo ecosystems of CNP are threatened and the consequences that might follow from a loss 
of these habitats, a compressive literature study was conducted and is provided in the 
background and discussion. The following method will guide the reader through the steps 
taken to deal with the aforementioned research questions, and to motivate the chosen 
approach.  
 
Estimating future patterns in hydroclimate is not possible without thoughtful and reliable 
long-term observations, which can be used for calibrating or validating climate models and to 
detect trends in a data set (Beven, 2019). Furthermore, field observations can tell us 
something about the historical and current climate state at a specific site. However, in many 
remote and inaccessible areas, comprehensive observations are scarce and often contain a vast 
amount of accumulated errors (Zhang et al., 2015). This is where downscaled global climate 
models (GCMs) can be particularly valuable. However, the resolutions of GCMs are too 
coarse to simulate accurate temperature and precipitation in mountainous areas due to the 
inability to detect small-scale variations resulting from a varying topography, slope, aspect, 
and other local discrepancies. Downscaled to a regional scale, the model output can give a 
hint about historical or future conditions in station scarce regions (Gao et al., 2018; Kahn et 
al., 2018; & Pepin et al., 2015; Xu et al., 2017; Zhang et al., 2015). Moreover, complex and 
internal small-scale fluctuations in páramo ecosystems highlight the necessity of using a fine 
resolution dataset when evaluating ecosystem health (Cárdenas., 2016 & Buytaert & Tobón., 
2011).  
 
Downscaled data with a resolution around one km² was derived from the WorldClim 1.4 
(WC) databank and applied in this study to make estimations about recent historical and 
future climate conditions in the study area. The dataset has undergone quality controls and 
corrections for topographical variations. Interpolated observed station data for the period 1960 
to 1990 was evaluated int this study and the dataset will henceforward be termed as 
interpolated historical observations. Downscaled Global Climate Model (GCM) outputs from 
the Couple Model Intercomparison Project Phase 5 (CMIP5) under RCP 4.5 and RCP 8.5 
were chosen to simulate future (2041-2060) climatic conditions for the studied region. More 
specifically, CCSM4 was selected to derive monthly average precipitation and temperature 
for the chosen period. The WC dataset for interpolated historical observations was used as a 
base line when downscaling and calibrating (bias correcting) the future climate projections.  
 
However, model outputs shall be handled with care since they are simulations and 
simplifications of the physical reality (Beven, 2019). Actual observations are still essential for 
complementing and strengthening the existing models, especially if they are complemented 
with remote sensing technique or model experiments (Pepin et al., 2015). Therefore, the WC-
dataset with interpolated historical data was compared with historical actual station 
observations for monthly temperature and precipitation data. This was performed to address 
the second research question regarding the historical hydroclimatic status of the páramo 
ecosystems in CNP. Boundaries for where páramo ecosystems can thrive were established 
based on the interpolated historical maximum and minimum temperature and precipitation 
values in páramo regions. The main reason for choosing temperature and precipitation as 
parameters to assess the ecosystem changes was that they were the only recorded parameters 
in my study area. Further, Bailey (2004) identifies moisture and energy input as the most 
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important indicators for evaluating the climate change in an ecosystem. Temperature and 
precipitation parameters are well-used indicators when identifying long-term changes in 
climate, however, this ideally requires a time-series for at least 30 years (Kumar et al., 2013, 
Vinnikov et al., 1990 & WMO, 2019). Since preliminary linear trend analyses made for 
stations with 30 years precipitation or runoff data indicated no statistically significant trends, 
these were not shown in this report. Searching for long-term trends in data-scarce 
environment, such as the CNP, is complicated and based on many factors influencing the 
area. It is difficult to know if the trend is related with a changing climate, land use, 
infrastructure or natural variability in the climate system (Brekke, 2009). In pursuing the 
second research question about how the climate characterisation for CNP has developed from 
recent past up to date regarding shifts in precipitation and temperature, the absolute minimum 
and maximum temperature (Tmin and Tmax) and precipitation (P) were evaluated to detect 
shifting patterns or trends in the long-term climate. The data were derived from metrological 
and hydrological stations in CNP. These observed parameters were thereafter compared with 
the interpolated historical WC dataset for temperature and precipitation, but also with the 
literature, to assess the reliability and comparability of the values.  
 
Páramo ecosystems are bound to a specific range of temperature, precipitation and other 
forcing variables. When these boundaries are shifting, as a result of climate change, the 
ecosystem could either adapt, move to higher terrain, or disappear (Ruiz et al., 2012). Studies 
by Aguilar et al., 2005 & Easterling et al., 2000 found that climate change is affecting the 
climate extremes, such as the maximum and minimum temperature or precipitation extremes. 
If the ecosystem boundaries in CNP are forced to higher altitudes as a result of more extreme 
precipitation and temperature, then it should be important to establish the range for new 
extent of these ecosystems. In an attempt to answer the third and fourth research question 
about in which direction the páramo ecosystems will migrate and to establish the temperature 
and precipitation boundaries in CNP, the two RCP-scenarios were chosen to simulate future 
climatic conditions for the studied region.  
 
The daily discharge data were available for some stream runoff gauges in CNP and two 
catchments (C1 and C2). The water balance were established on a catchment scale, with the 
intention of answering parts of the research question two. More specifically, monthly and 
annual runoff values were calculated to determine seasonal variations but also detect long-
term trends for each catchment. The dryness and wetness indices were calculated for the two 
catchments in order to place them in a Budyko plot (see 3.2.4). It is a supplementary approach 
to the water balance because it gives a reference condition of where the catchments should be 
placed under normal conditions. Over- and underestimations in the parameters of the water 
balance can therefore be detected and corrected easier. Furthermore, the Budyko framework is 
an advantageous tool to examine the interactions between the hydrological cycle, climate and 
catchment characteristics under a steady state. For comparison, historical and future scenarios 
were also placed in the same plot to answer the third research question about future hydro-
climatic conditions in CNP. Lastly, the runoff and precipitation for both catchments were 
correlated against each other to detect potential dependencies between the variables.  
 
3.1 Field visit 
A joint field visit to CNP was carried out in spring 2019 through a collaborative research 
initiative between Stockholm University and the Universidad Del Rosario (Bogotá) with the 
ambition to gain insights regarding ongoing climate and land use change threats on-site.  
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Pre-existing research and data for the study site was provided by researchers working on the 
site and the guided field visits made it possible to identify sites of particular interest within the 
park, where climate and land use changes are a problem.   
3.2 Data processing and visualisation  
The following sections assess the detailed method for processing and visualising the observed 
and simulated climate data. Sources, figures, software and equations utilized to derive the 
results are demonstrated. 
 
3.2.1 Data sources 
Table 3 shows all the data, parameters, format, resolution and sources that were used for the 
data processing in ArcGIS, Matlab and Excel. For the catchment delineation in ArcGIS, a 
digital elevation model (DEM ASTGTM2), was used to conclude the direction of water flow 
related with the topography. The hydrological toolkit was used as a primary tool when 
delineating the two catchments in ArcGIS. The land cover, administrative boarders, páramo 
extension, Ramsar site, station data etc. were used for map visualisation.  
 
Table 1. Table over the complete data sources applied in this study. 

Data Parameter Format Resolution Source 
DEM 

(SRTM30) Elevation Raster 30 arc sec 
(~1km) http://www.diva-gis.org/gdata 

DEM Land cover Raster 30 arc sec 
(~1km) http://www.diva-gis.org/gdata 

DEM 
(ASTGTM2) Elevation Raster 30 arc sec 

(~1km) https://earthexplorer.usgs.gov/ 

Shape-files 
Administrative 
boarders, land 
features etc. 

Polygons  http://www.diva-gis.org/gdata 

Shape-file 
Metrological and 

hydrological 
stations 

Points  http://www.ideam.gov.co/ 

Shape-file Páramo extension 
and Ramsar sites Vector 1:25 000 http://www.siac.gov.co/catalogo-

de-mapas 

Excel-files 

Daily precipitation 
and discharge. 

Monthly 
temperature 

  
Data provided by researchers at 

CNP 
 

WorldClim 1.4 

Interpolated 
historical average 

monthly minimum, 
maximum 

temperature, and 
precipitation 
(1960-1990) 

Grid 30 arc sec 
(~1km) http://worldclim.org/ 

WorldClim 1.4 

Average monthly 
minimum, 
maximum 

temperature, and 
precipitation for 

RCP 4.5 and RCP 
8.5 

Grid 30 arc sec 
(~1km) http://worldclim.org/ 

Station data 
(CNP) 

Discharge, 
temperature, 
precipitation 

Excel   
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3.2.2 Observations 
Operative authorities and staff at the research facilities in the park provided raw data for 
observed daily, monthly or annual temperature, precipitation and discharge from spatially 
distributed stations within CNP (Figure 4). A throughout data narrowing process was 
conducted to select the most data dense stations and exclude others. In total, 15 precipitation 
stations, 2 temperature stations, and 10 discharge gauges were included in the study (Table 1-
2).  
 
Thiessen polygons has been recognized as a good patial interpolation method for rainfall in 
páramo areas (Buytaert et al., 2006b) and was therefore used to calculate the long-term 
average precipitation for the entire CNP (Figure 4 and Table 1). The method divides the 
region into sub-regions based on the spatial distribution of stations. Each polygon is given a 
specific area, which is influenced by the station values belonging to that polygon. 
Additionally, any location within the polygon is closer to that point station than any other 
nearby station. Dense station networks give smaller polygon areas, which often result in more 
accurate spatial approximations. Scattered and sparse stations yield larger polygons and less 
reliable areal estimations (Dingman, 2002). All precipitation stations, with data between 1960 
and 1990 were utilized to calculate the annual average areal precipitation for the entire park, 
using Equation 1:   

 !" =
∑ !%&%
'
()*

∑ &%'
()*

 

 
(Equation 1) 

Where !" is the annual average precipitation, !% is the precipitation for each polygon, and &%	is 
respective polygon area. The time frame was defined based on data availability and the same 
period was used for the interpolated historical period (1960-1990). Years with missing data 
were interpolated by using the average of the previous and following year. However, stations 
with data gaps longer than one year were disqualified from the interpolation. 
 
Table 2. Precipitation stations across CNP (Figure 4) used to calculate the Thiessen polygon areas along with corresponding 
elevation and coordinates for each station. The average annual precipitation (P (mm)) is estimated with the Thiessen 
polygon method.  

Station Annual average 
P (mm) 

Thiessen polygon 
area (km²) 

Elevation (m a.s.l.) Coordinates 
(WSG 84) 

1) Chingaza Campamento 1604 8  3250 4.5333, -73.7666 
2) Laguna Chingaza 1607 26  3250 4.5333, -73.7500 
3) Alto del Gorro 2370 81 3750 4.4833, -73.7500 
4) La Playa 1182 63 3100 4.5500, -73.7666 
5) Chuza Campamento 2168 16 3100 4.6666, -73.8333 
6) Chuza Presa Golilas 3063 48 3008 4.5833, -73.7000 
7) Palacios Guasca 1560 73 3760 4.7166, -73.8166 
8) Laguna Marranos 1289 65 3090 4.6666, -73.8333 
9) Chuchilla Golilas 2048 29 3350 4.5833, -73.7000 
10) Laguna Seca 1662 27 3620 4.6833, -73.7666 
11) Tunel el Diamante 1745 38 3350 4.6333, -73.7500 
12) Barajas 1704 10 3500 4.6833, -73.7500 
13) San José 2101 60 3463 4.5249, -73.7040 
14) San Juanito Meta 2077 264 2020 4.4666, -73.6833 
15) Chuchilla de Chuza 1689 91 3300 4.6002, -73.7027 
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The stations measuring daily precipitation and discharge in C1 and C2 had data available 
between 1968 and 2015, although there are data gaps (Figure 5 and 6). With these data, 
boxplots for monthly average precipitation and runoff were created in the  software program 
(MATLAB R2018b, The Mathworks Inc, 2018) for the studied period (1968-2015). Annual 
precipitation and runoff for both catchments were plotted to display long-term trends. 
 

 
Figure 5. Data availability for the 15 precipitation (P) stations in CNP for the period 1952-2015. 

The two discharge stations used to delineate the two catchments in ArcGIS were selected 
based on record length, data quality, and completeness of the time-series. A criteria was 
decided that data for at least 30 consecutive years had to be available for both precipitation 
and discharge at each station. After this screening, only Monterredondo-Río Chuza (station 6) 
and Boqueron-Río Playa (station 1) were used as discharge stations (Figure 6). Laguna 
Chingaza (station 2) and Chingaza Campamento (station 1) were chosen as precipitation 
stations when analysing seasonality and long-term annual patterns for the two catchments. 
Table 2 show the average annual discharge (Q), calculated in Matlab, using the derived data 
set from operative authorities and researchers in the area. It also gives the coordinates, 
elevation and station name. It should be noted that the unrealistically low values are the effect 
from inconsistent data at these stations.  
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Figure 6. Data availability for the 10 discharge (Q) stations in CNP for the period 1966-2015. 

Table 3. Discharge stations (Figure 4) and their annual average discharge (m³/s), elevation (m a.s.l.) and coordinates. 
Apparent low discharge values are yielded owing to averaging effects of incomplete datasets.    

Station Annual average Q (m3/s) Elevation (m a.s.l.) Coordinates 
1) Boqueron-Río Playa 3110 3140 4.5390, -73.7538 
2) San Luis-Río Guatiquia 4919 2950 4.5356, -73.7394 
3) El Wishy 366 3066 4.5380, -73.7292 
4) Canal Eco-Río Guatiquia 75 3060 4.5374, -73.7274 
5) El Mangon 9 3500 4.6331, -73.8057 
6) Monterredondo-Río Chuza 1459 2990 4.6666, -73.8333 
7) Leticia 1077 3030 4.5350, -73.7374 
8) Río Guajaro-Nacimiento 61 3510 4.4421, -73.7026 
9) QDA. Blanca-Nacimiento 7 3420 4.6373, -73.8044 
10) San Jose-Río Guatiquia 2675 3180 4.5359, -73.7424 

 
Only two temperature stations exist in the park, these have average, minimum and maximum 
monthly temperature between 1978 and 2011 for Chingaza Campamento (southernmost 
located station), while Chuza Presa Golilas (northernmost located station) have data between 
1981 and 1996 (Figure 4). However, the temperature dataset are not complete and do not 
cover any daily records (Figure 7). Average monthly minimum and maximum temperature, 
covering respective time frame, were plotted for catchment C1 and C2. The temperature 
station Chingaza Campamento and the precipitation station also named Chingaza 
Campamento represent the long-term climate conditions in C1, while the temperature station 
Chuza Presa Golilas and the precipitation station Laguna Chingaza denotes the conditions in 
C2.  
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Figure 7. Data availability for the two temperature (T) stations in CNP for the period 1978-2011. Average, minimum and 
maximum temperatures are shown with blue colours for catchment 1 (Chingaza Campamento), while the colours yellow to 
red are representing catchment 2 (Chuza Presa Golilas).  

3.2.3 WorldClim data and future scenarios 
Interpolated average monthly precipitation and minimum and maximum temperature station 
data, with a resolution of 30 arc-seconds (roughly 1 km²), were derived from the WorldClim 
database (https://www.worldclim.org/version1). The dataset WorldClim 1.4, “current 
conditions” (1960-1990), were downloaded and applied in this study. The dataset is 
developed by Hijmans et al. (2005), and is based on data collection from several climate 
databases (Global Historical Climatology Network (GHCN), FAO, WHO, CIAT, R-
HydroNET etc.) together with the elevation database “Shuttle Radar Topography Mission 
(SRTM)” and the “ANUSPLIN” software for interpolating the historical observed station 
data. Subsequent to data acquisition, extensive revision of data entries was carried out in order 
to address typographical errors, erroneous units, duplicates, etc.  
 
The WorldClim dataset was downloaded in an ESRI raster style (Geotiff-format) and 
thereafter processed in ArcGIS to extract the monthly average minimum and maximum 
temperature and precipitation for each pixel within CNP. Two future climate scenarios under 
two different RCP scenarios (RCP 4.5 and RCP 8.5) were also derived from the WorldClim 
database. The simulated data is a part of the Climate Model Intercomparison Project Phase 5 
(CMIP5), which is a collaborative framework that aims to improve the knowledge about 
climate changes by analysing the output from a vast number of coupled global ocean-
atmospheric general circulation models (Program for Climate Model Diagnosis and 
Intercomparison [PCMDI, n.d.]). Around 60 GCMs have been developed and coupled to 
simulate future scenarios and parts of the outcome was used as a basis for the fifth 
Intergovernmental Panel on Climate Change (IPCC) assessment report in 2013 (IPCC, 2013).  
When simulating future climate conditions, a baseline with observed data is required. The 
interpolated historical WorldClim dataset (1960 to 1990), used in this study, was chosen as a 
baseline for running the GCM that generated the simulated climate conditions for the period 
2041-2060. WorldClim has around 20 GCMs with future simulations for monthly average 
minimum and maximum temperature and monthly average total precipitation. One of these 
GCMs, the Community Climate System Model Version 4 (CCSM4), developed by the 
National Centre for Atmospheric Research (NCAR), was chosen for this study due to its 
capacity to simulate precipitation and temperature in Colombia (Rodríguez, 2012). CCSM4 is 
a coupled climate model assembled by five diverse models, simulating the Earth’s land, 
atmosphere, ocean, sea-ice, and land-ice. It also has a “coupler” which combines the different 
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models by transitioning information between them (Gent et al., 2011). The supposed amount 
of atmospheric greenhouse gas concentration influences the outcome of the simulated future 
climate. The two greenhouse gas scenarios, RCP 4.5 and RCP 8.5, was applied in this study to 
picture two possible future climate conditions for CNP. The RCP scenarios depend on the 
amount of greenhouse gas concentration that might be emitted in the future (21th century). 
The labels 4.5 and 8.5 are related to the radiative forcing (difference between incoming and 
outgoing radiation) in the year 2100 and refers to the amount of warming per square meter 
(W/m²) of the Earth’s surface. In RCP 4.5, the greenhouse gas emissions peak around 2040, 
before declining, while in RCP 8.5, the emissions continue rising over time (Flato et al., 
2014). 
 
Boxplots for seasonal average precipitation and minimum and maximum temperature were 
created in Matlab for the two scenarios and interpolated historical observations. A spatial 
visualisation for the climate variables was made in ArcGIS to picture the change over time 
and to investigate eventual seasonal changes. Here, the dataset was divided into wet (Apr, 
May, Jun, Jul, Aug, Sep, Oct and Nov) and dry (Dec, Jan, Feb and Mar) seasons. Each month 
in respective season was added and then divided by the total number of months in that season, 
which results in an average for that season. Seasonal maps, showing the interpolated historical 
observations, RCP 4.5 and RCP 8.5 for precipitation, Tmin and Tmax were generated in 
ArcGIS.  
 
The future spatial extent of páramo ecosystems in CNP was estimated in a similar manner. 
Using P, Tmin and Tmax from the interpolated historical observations, the locations where 
future P and T values were within the range of typical P and T values for the current period 
were mapped. These locations represent the areas where páramo ecosystems can thrive. 
Assuming that páramos cannot thrive in conditions outside of these boundaries, a binary 
categorisation was used to visualise the suitability of páramo locations in CNP. The analysis 
was outlined in ArcGIS on a raster scale, implying that if one of the boundary conditions for 
P, Tmin or Tmax were violated in a future scenario, that specific raster pixels was assigned a 
zero (unsuitable, no páramo).   
 
3.2.4 Water balance for CNP, C1 and C2 & Budyko analysis 
There are few studies attempting to evaluate the water balance in páramos, even though it is 
essential for the understanding of these sources of continuous water (Buytaert et al., 2006a). 
In this study, the simplified long-term water balance for C1, C2 and the entire CNP was 
calculated, assuming that storage is negligible (the time series are longer than a year) and that 
the input entering the system equals the output of water leaving the system (UNESCO, n.d.) 
(Equation 2): 
 

 ! − -. = / (Equation 2) 
 
Where ! is the long-term average annual precipitation, measured at the stations representing 
C1 and C2 (Laguna Chingaza and Chingaza Campamento). The precipitation (input) for CNP 
is derived by the Thiessen polygon method (see section 3.2.2), ET is evapotranspiration 
(output), and Q (output) is the river discharge measured at the point outlets in each catchment 
(Monterredondo-Río Chuza and Boqueron-Río Playa). All units were converted into 
mm/year, including the discharge, which was transformed into runoff R (mm/year) by 
considering the catchment areas. By modifying the water balance equation, the actual 
evapotranspiration (AETWB) was derived (Equation 3): 
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 &-.01 = ! − / (Equation 3) 
 
As a comparison with AETWB and other relevant literature describing already estimated AET 
values in CNP, the AETT Turc (1954) formula was calculated (Equation 4). It is a 
deterministic estimate formula, based on P and T and does not consider R.   

 &-.2 =
!

30.9 + 8
!

!-..
9

:
 (Equation 4) 

 
The Thortntwaite (1957) method is a useful approach to estimate the potential 
evapotranspiration PETT in humid catchments with sufficient water and constant evaporation 
(Equation 5). The formula is based on average monthly temperature data and an adjustment 
factor, which accounts for solar hours at a certain latitude (Thornthwaite, 1948). 
  

 !-.2 = 16=> ?
10	.">

@
A

B

 (Equation 5) 

 
In which Nm (h) is the monthly adjustment factor related to hours of daylight and is derived 
from a table published by Thornthwaite (1948), ."> (C°) is the average monthly air 
temperature, a is an empirical exponent, and I is the annual heat index which are given by 
Equation 6: 
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for	m = 1…12 (Equation 6) 

 
Where i is the monthly heat index for the month m. Equation 7 provides the empirical 
exponent a: 
 

 L = 6.7 × 10OP × @Q − 7.7 × 10OE × @: + 1.8 × 10O: × @ + 0.49 (Equation 7) 
 
Another PET, PETL, was calculated, also with the purpose of comparing with other PET 
values estimated for the CNP. It was derived from the Langbein (1949) approach, which is a 
simple method of estimating PET when only knowing the average annual temperature T 
(Equation 8): 

 !-. = 365 + 21. + 0.9.: (Equation 8) 
 
All above parameters (AETWB, AETT, PETT, and PETL) were calculated for C1 and C2 for the 
period 1968-2015. The same parameters were calculated with temperature and precipitation 
data from WorldClim for interpolated historical (1960-1990), RCP 4.5 and RCP 8.5 (2041-
2060), but covering the entire CNP. 
 
The water balance can be viewed from a wider perspective by using the Budyko (1974) curve 
in the space AET/P vs. PET/P as a reference condition. The curve illustrates how the actual 
evapotranspiration is influenced by long-term average water and energy balance. It is a useful 
tool for assessing both current and future water-and climate change scenarios at a catchment 
scale, without having extensive field observation data. By obtaining a relationship and 
partitioning between P, ET, and Q, it can be used as a baseline when evaluating future 
scenarios. The Budyko curve tends asymptotically to two limits; the water limit (AET=P) and 
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the energy limit (AET=PET). The curve also expresses the relationship between the two 
indices, the evaporative and the dryness index (Equation 9-10) (Sposito, 2017).  
 
(Evaporative index) -% = &-./! (Equation 9) 

 
and 
 

(Dryness index) V% = !-./! (Equation 10) 
 
The location of a catchment in the Budyko plot can indicate whether the catchment is wet 
(energy limited) or dry (water limited), by evaluating the relationship between the dryness 
index and the evaporative ratio. If the dryness index is below one, the catchment is energy 
limited and when it is above one, water is the limiting factor. The evaporative index reflects 
the relationship between evaporation and runoff. Moreover, the indices can be useful to gain a 
deeper knowledge about unknown processes in the catchment, such as if water is added or 
removed from the catchment by for example irrigation (Abera, Tamene, Abegaz, & Solomon, 
2019; Piemontese, Fetzer, Rockström, & Jaramillo, 2019).   
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4. Results  
The following results are presented starting with the observed parameters for temperature, 
runoff and precipitation, recorded at spatially distributed stations within CNP. Firstly, the 
results for monthly and annual observations are given for the studied catchments C1 and C2. 
Secondly, the results derived from monthly minimum and maximum temperature and total 
precipitation for interpolated historical, scenario RCP 4.5 and RCP 8.5 are presented, 
illustrating the hydroclimatic conditions for the entire park. Lastly, maps giving a visual 
illustration of the spatial páramo extension expected from the changes in P and T from the 
future scenarios are shown.   
 
4.1 Historical observed climate  
4.1.1 Monthly observations at catchment scale 
Boxplots for average monthly precipitation and runoff between 1968 and 2015 show a clear 
unimodal pattern with increasing values after April, a peak around June/July and thereafter 
declining values throughout the rest of the year (Figure 8). In general, the runoff mimics the 
precipitation even though there are some outliers disturbing the unimodal shape. The runoff 
and precipitation are slightly higher in C2, with a median precipitation around 540 mm and 
runoff values around 380 mm, for June and July respectively. Months with lowest runoff and 
precipitation median occur in January and December for C2 and are around 50 and 90 mm 
correspondingly. For C1, the peak in precipitation occurs during June with a median around 
300 mm, while the runoff peak has a median around 160 mm in July. Minimum runoff and 
precipitation medians for C1 are 30 mm in February and 60 mm in January respectively. The 
general distribution of data points are well distributed in both catchments, although there are a 
higher number of outliers in the precipitation dataset for C1.  
  

 
Figure 8. Boxplots of precipitation and runoff (in mm per month) for catchment 1 and 2 during the period 1968-2015. The 
central mark in each box represents the median, while the top and bottom edges symbolize the 75th and 25th percentiles, 
respectively. The whiskers illustrate the most extreme values but does not include the outliers, which are plotted as red 
crosses.    
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Figure 9 demonstrates the long-term average monthly minimum and maximum temperature 
for C1 and C2. The temperature in C1 denotes the period 1981 to 1996, and for C2 the time 
series is between 1978 and 1984. Both the minimum and maximum temperature have 
resembling patterns in both catchments, with vague fluctuations throughout the year. In C1, 
the range between minimum and maximum temperature is 7 ℃, while the range in C2 is 
around 10 ℃. The maximum temperature peak is around 14 ℃ in April for both catchments 
and drops to a minimum of 10 ℃ in August to September for C1 and in July for C2. The 
minimum temperature is lower in C2 and has the lowest value at 3 ℃ in July while the 
minimum value is around 6 ℃ in January for C1. In general, for both catchments, either Tmin 
or Tmax oscillates more than 4 ℃ throughout the year.   
 

  
Figure 9. The average long-term monthly temperature (C°) for catchment 1 and 2. To the left is catchment 1 for the period 
1981-1996, while catchment 2 to the right covers the period 1978-1984.  

4.1.2 Annual observations at catchment scale 
Figure 10 displays the long-term average annual minimum, maximum and mean temperature, 
covering the period 1978-2011 for station Chingaza Campamento (C1) and 1981-1996 for 
Chuza Presa Golilas (C2). There are large gaps in both time series, especially for C1 where no 
data exists between 1989 and 2008. In general, minimum, maximum and average temperature 
follow the same pattern across the time series, with two main peaks in 1982 and 1996 and 
three depressions in 1983, 1988 and 1992. The temperature intervals for maximum, average 
and minimum temperature range between 7 to 14 ℃, 5.5 to 12 ℃ and 3.2 to 11.3 
respectively, for both catchments. The absolute maximum and minimum temperatures ever 
recorded in the available dataset are 24.5 ℃ in January1982 and 3.2 ℃ in 1988 in C1 and C2 
respectively (not shown).  
 

 
Figure 10. The average annual (Tave), minimum (Tmin) and maximum (Tmax) temperature (C°) for catchment 1 and 2. The 
yellow colour represents Tmin, orange is Tave and the red is Tmax. Catchment 1 (grey dots) has data for 1978-2011, while 
catchment 2 encompasses the period 1981-1996.   
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The long-term annual average runoff and precipitation between 1968 and 2015 for C1 and C2 
are shown in Figure 11 and 12. Slopes for the trend lines, coefficient of determination, 
confidence intervals and if the slopes are statistically significant are given in table 4. All 
slopes are negative, except from the precipitation in C2. Evaluating the 95-percentage 
confidence interval, only the slope for runoff in C2 is statistically significant. However, it 
should be noted that the runoff in C2 is missing between 1971 and 1981 and that no 
interpolations were done when calculating the trend lines. Further, an unrealistically low 
precipitation value in C2 during 1989 was excluded from the analysis.   
 
Overall, the average precipitation in C2 is higher, except for year 2011, when the precipitation 
in C2 reaches a peak around 3180 mm. The average annual long-term precipitation for the 
entire time series is 1626 mm for C1 and 2209 mm for C2, while the long-term annual 
average runoff is 84 mm and 170 mm, respectively (Table 4). Visually, the pattern for runoff 
in C1 follows that of precipitation the first 15 years. However, a correlation analysis between 
runoff and precipitation in respective catchment cannot strengthen any correlation between 
the variables (not shown).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

C1 Trend/slope Confidence 
Interval (95%) 

Statistically 
Significant 

Coefficient of 
determination 

(R²) 

Standard 
deviation 

(mm) 

Annual 
average 
(mm) 

P -9.60 (-16.93, 1.85) Not 
significant 

0.08 468 1626 

R -0.12 (-0.39, 0.30) Not 
significant 

0.01 300 2209 

C2       
P 1.30 (-5.96, 12.02) Not 

significant 
0.004 17 84 

R -1.52 (-3.39, -0.07) Significant 0.10 62 170 

Table 4. Statistical summary for the precipitation and runoff in catchment C1 and C2 during the period 1968-2015.  
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Figure 11. The long-term average annual precipitation (dotted blue lines) and runoff (dotted green lines) in mm for C1, embracing the period 1968-2015. Trend lines for respective slope and the 
coefficient of determination (R²) are also shown. 

 
Figure 12. The long-term average annual precipitation (blue) and runoff (green) in mm for C2, embracing the period 1968-2015. Trend lines for respective slope and the coefficient of 
determination (R²) are also shown. 
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Figure 13 illustrate the long-term average values for precipitation, runoff, actual and potential 
evapotranspiration for both catchments during the period 1968-2015. Interpolated years for 
precipitation are 1978 and 2001 in C1 and the runoff in C2 is interpolated for 1990. The long-
term average annual actual evapotranspiration, calculated with the water balance (AETWB), is 
around 700 mm for C1 and 830 mm for C2. Estimations made with the Turc. (AETT) method, 
based on temperature data, yield similar values for both catchments, which is around 560 mm. 
Regarding the estimations of potential evapotranspiration, both methods (PETL) and PETT) 
result in annual average values around 600 mm.  
  

 
Figure 113. Average long-term precipitation (P), runoff, actual evapotranspiration (AETWB and AETT), and the potential 
evapotranspiration (PETL and PETT) for catchment 1 and 2.    

4.2 Interpolated historical climate conditions and future scenarios (RCP 4.5 and RCP 
8.5) for Chingaza National Park 
The boxplots in figure 14 shows the distribution of long-term average monthly minimum and 
maximum temperature for each pixels across the entire CNP during the period 1960-1990 
(interpolated historical) and the two future RCP scenarios (4.5 and 8.5) for 2041-2060. For 
the period 1960-1990, the median of monthly minimum temperature is around 9.5 ℃, while 
the median maximum is around 18.3 ℃. The RCP scenario 4.5 has a median minimum 
temperature around 11 ℃ and median maximum at 20.2 ℃. Lastly, RCP 8.5 has a median 
minimum temperature around 11.5 ℃ and median maximum about 20.8 ℃. The long-term 
average temperature is 13.8 ℃, 15.6 ℃ and 16.2 ℃ for each period, respectively. In general, 
the temperature fluctuations are small throughout the year during all periods. However, the 
maximum temperature has a slightly declining temperature pattern between April to 
September, with lowest values around June and July. Both minimum and maximum 
temperatures are increasing in the future scenarios when compared to the interpolated 
historical values.  
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Figure 14. The average long-term minimum (Tmin) and maximum (Tmax) temperatures (C°) for interpolated historical 
(1960-1990) and the RCP 4.5 and RCP 8.5 scenarios (2041-2060). The central mark in each box represents the median, while 
the top and bottom edges symbolize the 75th and 25th percentile, respectively. The whiskers illustrate the most extreme 
values.  

The difference between minimum Tmin and maximum Tmax is also larger in the RCP-
scenarios than in the historical period (Table 5). Both the upper and lower boundaries for 
Tmin and Tmax are increasing around 2-3 ℃ for each scenario. The total range of 
temperature between Tmin and Tmax is almost the same for all periods, of around 28.5 ℃.    
 
Table 5. Boundaries for both minimum (Interval Tmin) and maximum (Interval Tmax) temperatures but also the temperature 
fluctuation between total minimum and maximum temperature range (Tot Range) for the interpolated historical period and 
RCP 4.5 and RCP 8.5.   

Period Interval Tmin (℃) Interval Tmax (℃) Tot Range (℃) 
Interpolated Historical 0-18 8.2-28.4 28.4 
RCP 4.5 2.1-19.7 10.1-30.6 28.5 
RCP 8.5 2.7-20.2 10.6-31.3 28.6 

 
The distribution for the average of the long-term monthly precipitation in each pixel over the 
entire CNP during the interpolated historical (1960-1990), RCP 4.5 and RCP 8.5 (2041-2060) 
is given in Figure 15. A unimodal precipitation pattern is present for the historical and both 
RCP-scenarios, with greatest amount of precipitation falling in June and July and least during 
January, February, March and December. The average monthly precipitation for each period 
is around 248 mm, 266 mm and 269 mm, respectively.  
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Figure 12. The average long-term precipitation (mm) for interpolated historical (1960-1990) and the RCP 4.5 and RCP 8.5 
scenarios (2041-2060). The central mark in each box represents the median, while the top and bottom edges symbolize the 
75th and 25th percentile, respectively. The whiskers illustrate the most extreme values. 

The range between minimum and maximum precipitation is increasing for the scenarios, with 
largest increase during RCP 8.5. During RCP 8.5, the boundary for minimum precipitation is 
pushed downward (Table 6). 
 
Table 6. Boundaries for minimum and maximum precipitation (Interval Pmin-Pmax) and the total range (Tot Range) 
between minimum and maximum precipitation for the interpolated historical period, RCP 4.5 and RCP 8.5.  

Period Interval Pmin-Pmax (mm) Tot Range (mm) 
Interpolated Historical 40-854 814 
RCP 4.5 40-975 935 
RCP 8.5 37-1006 1069 

 
Figure 16 illustrates the long-term annual average precipitation (P), runoff, AETT, PETL and 
PETT) for the entire CNP, estimated with the WorldClim dataset. The WC dataset did not 
provide any runoff or evapotranspiration and therefore, the water balance was applied to 
calculate these parameters across CNP, but using the AETT instead of the AETWB. This is 
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because the AETT does not require any known runoff value, only precipitation and 
temperature. From that, the runoff was estimated. 
 
In general, there is an intensification of the water cycle for each scenario, where all P, R, AET 
and PET values are increasing in comparison to the historical values. All parameters are 
peaking during RCP 8.5, except the runoff, which is highest for RCP 4.5. Estimations of AET 
yields identical values for both methods (AETT) and AETWB). The PET established with the 
(PETL) method yields slightly higher values than the PETT) method. The overall difference 
between AET and PET values is small.  
 

 
Figure 136. Average long-term precipitation (P), runoff, actual evapotranspiration (AETwb and AETTurc), and the potential 
evapotranspiration (PETLangb. and PETThort.) for catchment 1 and 2.  

4.2.2 Budyko space 
In order to put the water balance parameters into a wider perspective, the evaporative ratio 
and dryness index were calculated. The relationship between these indices can give an 
indication of the site-specific hydroclimatic conditions in each time period and the 
characteristics of the change in terms of energy and water availability in the CNP. For this, 
the values for the two catchments and the simulated values for CNP were placed in a Budyko 
plot (Figure 17). The purple and blue circles represent the observed parameters in C1 and C2, 
while the green, orange and red rectangles illustrate the interpolated historical, RCP 4.5 and 
RCP 8.5. Both C1 and C2 are located above the energy limit.  
 
The interpolated historical, RCP 4.5 and RCP 8.5 points describing the hydroclimatic 
conditions for both catchments are right beneath the energy limit and falls in the zone which 
is governed by the amount of energy in the system. Horizontal movements to the right 
indicate warmer and drier conditions and vertical upward movements point towards less 
partitioning of precipitation into runoff. Both scenarios are moving in these directions of 
change. 
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Figure 147. Both catchments (Obs C1 and Obs C2), interpolated historical and the RCP-scenarios 4.5 and RCP 8.5 are plotted 
in a   budyko plot. Purple and blue circles represent C1 and C2, while the green, orange and red triangles refers to the 
WorldClim dataset for interpolated historical (1960-1990), RCP 4.5 and RCP 8.5, covering the entire CNP. Two ratios, the 
aridity index (PET(Thornthwaite)/P) and the evaporative ratio (AETwb/P) are related in a way that catchments with a higher 
aridity index are drier and hotter, while an increasing evaporative ratio indicate less runoff. The Budyko Curve itself acts a 
reference for all catchments around the globe, where catchments closer to the curve have an undisturbed partitioning 
between evapotranspiration and runoff. A deviation from the curve can therefore indicate that anthropogenic climate 
change is interfering with the water balance. The energy limit is the relationship between AET/P=PET/P and the water limit 
is the AET/P=1. These limits represent boundaries for where a catchment should be placed under normal conditions, without 
the effects of climate change.        

4.2.3 Seasonal climate in Chingaza National Park 
There are not only temporal changes in temperature and precipitation, the spatial changes 
across CNP is equally important for a comprehensive understanding of the hydro-climatic 
alterations. Figure 18-20 illustrate the long-term shift in monthly minimum, maximum and 
total precipitation during wet and dry season for CNP.  
 
Spatially, for all periods and seasons, there are a higher number of pixels with colder 
minimum temperatures at the west side of the park, while east parts are dominated by pixels 
illustrating warmer minimum temperatures (Figure 18). The temperature fluctuate between 
0℃ to 20℃, with lowest temperatures found in the west parts of CNP during interpolated 
historical (1960-1990), and highest temperatures in the east parts with temperatures reaching 
20 ℃ during the RCP 8.5 scenario. All across the park, the minimum temperature is 
increasing for each scenario, although the warming is greater during the wet season.  
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Figure 158. Spatial distribution of the average long-term minimum temperature (Tmin) across CNP during dry (top maps) 
and wet (bottom maps) season for interpolated historical (1960-1990), RCP 4.5 and RCP 8.5. The temperature is in degrees 
Celsius (C°) and range between 0 to 20 C°. Each pixel is classified with a temperature interval. 

The maximum temperature is increasing for each scenario, especially during dry season and 
for the east parts of CNP (Figure 19). The maximum temperature range is between 8 to 33 ℃, 
with coldest pixels found in the west parts of the studied area. Spatially, there are a few 
discrepancies between the minimum and maximum temperature pattern. For maximum 
temperature, the warming is greater during dry season, while the opposite is true for the 
minimum temperatures (Figure 18). Pixels with the highest maximum temperatures are found 
during the wet season for RCP 4.5 in the southeast part of CNP, with values reaching 28-33 
℃. 
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Figure 169. Spatial distribution of the average long-term maximum temperature (Tmax) across CNP during dry (top maps) 
and wet (bottom maps) season for interpolated historical (1960-1990), RCP 4.5 and RCP 8.5. The temperature is in degrees 
Celsius (C°) and range between 8 to 33 C°. Each pixels is classified with a temperature interval. 

Two different colour scales illustrate the precipitation pattern during wet and dry season in 
CNP (Figure 20). The top one represents the dry season (blue to purple) and range between 35 
mm and 205 mm of precipitation. There are small, or none, change in amount of precipitation 
between each period. The seasonal precipitation changes during wet season (green to blue) are 
visualized in the bottom of the figure ranging between 103 mm to 700 mm. The numbers of 
pixels with higher precipitation classes are found in the eastern parts of the park. There are 
small variations in pattern between each scenario. 
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Figure 20. Spatial distribution of the average long-term precipitation (mm) across CNP during dry (top maps) and wet 
(bottom maps) season for interpolated historical (1960-1990), RCP 4.5 and RCP 8.5. The precipitation during the dry season 
range between 35 to 205 mm and between 103 to 700 mm during the wet season. Each pixels is classified with a 
precipitation interval. 

4.2.4 Future páramo extension 
The WorldClim dataset with interpolated historical P and T was used to classify suitable and 
unsuitable páramo environments in CNP for the period 1960-1990 during dry and wet season 
(Figure 21). The current páramo extension, delineated by SIAC in 2012 is also shown in the 
figure. Boundaries for where a páramo can thrive were based on the WorldClim dataset for 
interpolated historical maximum and minimum P and T. It is assumed that páramos cannot 
thrive in areas where either the temperature or the precipitation range is exceeded. Dark grey 
pixels exemplify locations where either Tmin, Tmax, or P are outside of the interpolated 
historical range and are therefore classified as unsuitable páramo ecosystem environments. 
Green pixels illustrate areas where all conditions are met and those pixels therefore represent 
suitable climatic conditions for páramo ecosystems. Almost all pixels are classified as suitable 
during both seasons. In dry season, only two pixels are classified as unsuitable, while five 
pixels are unsuitable during wet season. The current páramo cover, classified by SIAC is 
overlapping well with the historical interpolated páramo extension.  
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Figure 171. The map illustrates suitable (green pixels) and unsuitable (grey pixels) páramo environments during the period 
1960-1990 across CNP, including the Ramsar site and catchment C1 and C2. The red line shows the current páramo 
extension, mapped by SIAC in 2012.  

Figure 22 shows the spatial distribution of suitable (green) and unsuitable (grey) páramo 
environments during wet and dry season for RCP 4.5 and RCP 8.5 in relation to the current 
páramo extension, classified by SIAC in figure 2 and the extension of suitable and unsuitable 
páramo environments based on interpolated historical P and T boundaries (Figure 21). The 
boundaries for where páramos can thrive were established with the boundaries for 
interpolated historical minimum and maximum temperature and precipitation during wet and 
dry season, encompassing the current páramo areas in CNP (Table 7 and Figure 21).   
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Table 7. Boundaries for minimum and maximum precipitation (P) and temperature (T) based on the historical interpolated 
WorldClim dataset, covering the current páramo areas in CNP.  

Parameter P min (mm) P max (mm) T min (℃) T max (℃) 
Dry season 35 121 3 16 
Wet season 116 253 2 16 

 
Areas with unsuitable páramo extension are more pronounced during dry season for both 
scenarios and the numbers of unsuitable pixels are increasing in scenario RCP 8.5.  
 
Scenario RCP 4.5 and RCP 8.5 show similar patterns for both seasons, but with higher 
number of unsuitable pixels in the eastern parts of the park and during wet season. Both 
catchments and the Ramsar site have decreasing suitability during dry season. During dry 
season, the number of unsuitable temperature pixels (T(0) are higher than the unsuitable 
precipitation pixels (P(0) (Table 8). In wet season, the numbers of unsuitable precipitation 
pixels are fewer than the unsuitable temperature pixels. The suitable (Comb. (1)) or unsuitable 
(Comb. (0)) columns in table 8 are referring to the number of pixels that are suitable after 
multiplying the logical raster layers for temperature and precipitation with each other. If one 
pixel contains an unsuitable value (0) then that pixel counts as unsuitable and vice versa. The 
number of unsuitable pixels (Comb. (0) are increasing from RCP 4.5 to RCP 8.5 during both 
seasons. The reason for this increase is that the maximum temperature boundary is exceeded. 
For both scenarios, the number of pixels exceeding the threshold for maximum temperature is 
higher than for the maximum precipitation. In total, the result shows warmer dry seasons and 
wetter wet seasons.   
 
Table 8. The number of suitable (1) and unsuitable (0) temperature and precipitation pixels during dry and wet seasons for 
RCP-scenario 4.5 and RCP 8.5. The column Comb. refers to the numbers of suitable or unsuitable pixels which after 
multiplying (combining) the logical raster layers for temperature and precipitation. The last column denotes the reason for 
rejection and states if the upper or lower precipitation or temperature boundary is the major reason for rejection. One pixels 
is 1km².    

Scenario P (1) P (0) T (1) T (0) Comb. (1) Comb. (0) Reason for rejection 
Dry RCP 4.5 956 97 283 775 271 739 T max 
Wet RCP 4.5 661 392 531 479 528 482 T max 
Dry RCP 8.5 956 97 210 848 199 811 T max 
Wet RCP 8.5 642 416 441 569 440 570 T max 
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Figure 22. The four maps are illustrating possible páramo extensions across CNP during dry (map 1 and 3) and wet (map 2 
and 4) season under RCP-scenario 4.5 and RCP 8.5. The green pixels indicate areas where the interpolated historical 
temperature and precipitation boundaries are not exceeded and are therefore classified as suitable páramo locations. Grey 
pixels are locations where the boundaries have been exceeded and are therefore unsuitable. The red boundary is the current 
páramo extension, classified by SIAC. 
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The páramo extension during RCP 4.5 and RCP 8.5 on an annual basis is shown in figure 23. 
Same boundaries as in table 7 were used to establish the areas where the páramos can thrive. 
Generally, the numbers of unsuitable pixels are increasing during scenario RCP 8.5 (Table 9).  
 
Table 9. The table is showing the number of suitable and unsuitable pixels of the current páramo areas in CNP during 
scenario RCP 4.5 and RCP 8.5. 

Scenario Suitable Unsuitable 
RCP 4.5 564 112 
RCP 8.5 503 174 
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Figure 183. Figure 1 shows the páramo extension during RCP 4.5, based on the long-term annual average precipitation and 
temperature boundaries. Green pixels are suitable páramo locations and grey represents unsuitable areas. The red line is the 
current páramo extension. 

5. Discussion 
In this study, recent past and plausible future hydroclimatic conditions have been established 
for CNP and two smaller catchments within the park. Actual observations representing the 
precipitation, temperature and runoff at C1 and C2 have been presented. For comparison and 
an attempt to evaluate future hydroclimatic conditions in CNP and extension of páramo 
ecosystems within the park, interpolated historical observations and two future climate 
scenarios, RCP 4.5 and RCP 8.5, were derived from the WorldClim databank. Using the 
interpolated historical precipitation and temperature range as boundaries for where a páramo 
ecosystem can thrive, thresholds were created to map the spatial extension of páramo areas 
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for the two scenarios.  Lastly, due to the páramo ecosystems extraordinary ability to store and 
regulate the flow of water, a discussion about the consequences of páramos not providing 
their current ecosystem services follows.  
 
5.1 Hydro-climatic conditions at catchment scale 
In accordance to Sanchez et al. (2014), the monthly precipitation in CNP has a unimodal 
shape with a short dry season between December to March and a longer wet season during 
April to November. A similar pattern was also established in this study, for both investigated 
catchments, C1 and C2. Although the catchments are closely located, the runoff and 
precipitation differentiate to some extent, suggesting other forcing factors contributing to 
these discrepancies. For example, microclimate, topography, slope, aspect, land use etc. could 
have an effect on the spatially varying hydroclimate in mountains areas (Buytaert et al., 
2011). Although, these factors were not investigated here, they could be interesting for future 
studies. The long-term average monthly temperatures for C1 and C2 encompass different time 
series but the pattern resembles each other to some extent, with relatively small fluctuations 
throughout the year. A constant solar radiation, common for tropical mountain wetlands, 
could explain this modest seasonal variability. However, the daily fluctuations are probably 
greater, due to the high variability of cloud cover and the strong radiation at these altitudes 
(Buytaert et al., 2011). Moreover, the temperature stations are only representing these two 
specific locations in CNP and the spatial temperature variations are likely greater across the 
study area due to variations in previously mentioned factors (slope, topography, cloud cover 
etc.). Further, the average long-term annual temperature data for C1 and C2 contain many 
gaps and no daily data (Figure 10), with no time series with more than 16 consecutive years. 
A daily investigation would have been interesting in order to evaluate the hourly changes in 
temperature, related to changes in cloud cover and other features.   
 
Among others, Buytaert et al. (2006a), Sanchez et al. (2014) and Ruiz et al. (2012), have 
suggested a strong relationship between the global scale weather phenomena El Niño 
Southern Oscillation (ENSO) and changes in temperature and precipitation over tropical 
mountain areas. Commonly for the Colombian Andes is that El Niño years tend to be warmer 
and drier, while La Niña years are wetter and colder (Poveda et al., 2001). The fluctuating 
temperatures in C1 and C2 could be related with ENSO. For example, the temperature peak in 
1982 could be explained with a very strong El Niño year. This was also the year when the 
absolute maximum temperature, 24.5℃, was recorded in CNP (not shown). However, the 
general elevated temperature in 1996 cannot directly be linked with this weather phenomenon 
because it was a moderate La Niña year. Years with declining temperatures, such as 1983 and 
1988 were either strong or weak La Niña years. Even though there are inclinations that ENSO 
could be related with the temperature there are years where the theory is not supported. For 
example, 1992 was a cold year even though it was a strong El Niño period. Moreover, the 
peaks and depressions for average annual precipitation do not align well with the temperature 
pattern and a strong connection between ENSO is not apparent.  
 
The analysis investigating small scale changes in C1 and C2 for long-term average annual 
runoff and precipitation did not gave indications of any internal pattern where the variables 
depend on each other. This could be the effect of incomplete time series and poorly performed 
discharge and rainfall measurements. Wind direction, type of precipitation and topography 
could have influenced the under-or overestimations detected in the time series.  
 
Regarding the interpolation method used to fill the annual gaps for runoff and precipitation in 
figure 13, there are uncertainties about the accuracy with this technique. Extreme variations in 
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microclimate, topography and other previously mentioned factors, makes it difficult to find 
reliable interpolating methods for hydroclimatic parameters in mountainous areas (Ruiz et al., 
2008). These large knowledge gaps about the underlying rainfall-runoff processes, combined 
with data scarcity, hopefully justify the simple interpolation method applied in this study.     
 
The long-term estimation of AET derived with the water balance yield higher values for 
actual evapotranspiration than for potential evapotranspiration. This should not be possible in 
reality and could therefore be an indication that the reported runoff or precipitation is not 
accurate (most likely an underestimated runoff). Further, the AETwb is slightly larger than that 
of the temperature-based method Turc (1954), for both catchments. One could have expected 
the AETT to be greater than the water balance method, because it considers the temperature 
and amount of solar radiation, which are high in CNP due to its location close to the equator 
and the high altitude. The long-term annual PET is around 600 mm for both methods and 
catchments. Other literatures have reported values between 290 mm up to 758 mm in CNP 
(Célleri & Feyen., 2009; Gil & Tobón., 2016; Morales & Girleza., 2012). However, these 
studies encompass the entire CNP and not the two specific catchments evaluated in this study. 
The relatively large range of evapotranspiration values reported by other literature sources for 
CNP could imply the difficulties to estimate accurate values in these environments. 
Cloudiness, fog and low temperatures certainly have a dampening impact on the 
evapotranspiration in CNP, which tend to be low considering the constant and intense solar 
radiation at tropical high altitudes (Gil & Tobón, 2016).  
 
Findings made by Cárdenas (2016) suggested an additional input of water to the páramo 
ecosystem in CNP through occult precipitation. This parameter is not recorded in traditional 
rain gauges and the total precipitation input would most likely be higher if this “hidden” 
precipitation was accounted for. As a consequence of more water in the system, the AET 
would probably also be even higher. Climate changes could lead to a new atmospheric 
stability with a diminishing presence of low cloud cover. This could reduce the amount of 
occult precipitation and therefore lower the high runoff ratio in these systems (Cárdenas, 
2016).  
 
5.2 Hydroclimatic conditions at regional scale (CNP) 
The simulated monthly median, average, minimum and maximum temperature all show a 
warming tendency across CNP for future scenarios. An increase in average long-term 
monthly temperature around 1.8 ℃ and 2.4 ℃ during RCP 4.5 and RCP 8.5 respectively were 
shown in the results. Both the median Tmin and Tmax will increase around 2-3 ℃ during 
both scenarios in comparison to the interpolated historical values. These warming tendencies 
are in line with Buytaert et al. (2011), which suggest a change in temperature around ± 1.5-
3℃ over the Andes Mountains. However, the same authors also highlight the large 
uncertainties in the projections due to models general inability to simulate areas with complex 
topography. Even though the range between Tmin and Tmax only increases slightly for future 
scenarios, the upward shifts of the Tmin and Tmax could have large impacts on the sensitive 
páramo ecosystems. This is strengthened by Ruiz et al. (2008) that emphasize the risks related 
with rising minimum and maximum temperatures and the consequences it can have on fragile 
species in sensitive mountain ecosystems. 
 
The seasonal pattern for monthly Tmin and Tmax illustrate decreasing maximum 
temperatures between April and August (Figure 14). During the same months, the 
precipitation pattern is the invers of Tmax pattern, meaning that when the precipitation is 
high, the Tmax drops. A study by Portmann, Solomon and Hegerl (2009) discovered a 
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relationship between Tmax and precipitation in the United States showing the same 
tendencies. Their theory for this linkage was partly that during months with heavy 
precipitation, the cloudiness increase, which block the incoming solar radiation and prevent 
surface heating. In CNP, with its high presence of clouds during the wet season, this could 
definitely be the case. However, the cloud regime is highly dynamic and complex in tropical 
alpine regions like CNP and few studies exist on the correlation between temperature, 
precipitation and clouds. A study by Sanchez et al. (2016) highlight that the cloudiness can 
have both positive and negative impacts on mountain ecosystems but that climate changes 
could shift the current cloud cover regime.      
 
Although there are studies, such as Célleri & Feyen (2009), stating that seasonal precipitation 
variability in páramos is small, this study shows an explicit distinction between wet and dry 
months. Results derived with data from the WorldClim dataset and actual observations at 
catchment levels both show similar seasonal patterns for temperature and precipitation. 
Nevertheless, the parameters at catchment level generally have lower values. Interpolated 
historical observations show higher Tmin and Tmax compared to the actual observations 
representing the catchments. These discrepancies are most likely due to model uncertainties 
and recording errors.  
 
The long-term average annual precipitation, runoff, AET and PET estimated for CNP were 
higher during RCP 8.5 compared to RCP 4.5. However, the runoff for RCP 8.5 was lower 
than for RCP 4.5, indicating a shift in the water balance. The WorldClim databank did not 
have any simulated runoff and was therefore calculated by applying the simplified water 
balance. It would have been interesting to compare modelled runoff with the runoff derived 
from the water balance. However, the uncertainties with simulating runoff in mountainous 
páramo environments are currently large.   
 
5.3 The Budyko framework 
The Budyko plot was applied in this study as an alternative approach to the water balance and 
due to its applicability in data scarce catchments. It gives a deeper understanding about the 
water balance by stating the relationship and partitioning between runoff, evapotranspiration 
and precipitation. Further, it can identify the knowledge gaps by detecting where the 
weaknesses in the water balance are and relate it with potential climate change signals (Greve 
et al., 2015). The Budyko curve, water and energy limits constitute the reference boundaries 
for where a catchment should be located under normal conditions. The hydro-climatic 
conditions at a specific site can be evaluated by plotting the evaporative ratio and dryness 
index for a catchment in the plot. For this study, both catchments and the entire CNP with 
future scenarios were placed in a Budyko plot. The result locates both catchments above the 
energy limit, indicating that some parameter of the water balance is inaccurate (Jones et al., 
2012). The high infiltration capacity for the soils in the region could result in water being lost 
to the groundwater system, something that could affect the estimations of the parameters in 
the water balance. The positioning of the catchments in the plot could indicate that the 
parameters are not being estimated properly, for example that the AET is greater than the 
PET.   
 
According to Célleri & Feyen (2009) around 67 % of the rainfall for a small (<3km²) páramo 
catchment can transform into runoff. Comparing this value with the catchments in this study, 
the rainfall-runoff ratio is around 57 % for both C1 and C2. This ratio is most likely 
underestimated and therefore the plotted catchments should be placed closer to the curve in 
the Budyko plot. One theory for the catchments location could be that the precipitation is 
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underestimated due to errors during collection. Another explanation could be that the occult 
precipitation is not accounted for in the water balance and the total precipitation should 
therefore be higher (Cárdenas, Tobón, & Buytaert, 2017; Tobón., 2009). Catchments C1 and 
C2 deviate more from the curve than the simulations for CNP. This could be explained by the 
fact that the PET calculated for the catchments only use the site-specific temperature and does 
not represent the entire basin. The simulated temperature and precipitation are the averages 
for each pixel covering the entire park and could therefore be more representative for a 
greater area.  
 
Interpolated historical observations and both RCP scenarios were placed right on the energy 
limit, indicating a perfect relationship between AETT and PETT. Such perfect relationship is 
probably not very common in a natural catchment. Even though the PET should be high due 
to the water-rich environment, the AET is most likely lower due to low temperatures and high 
cloudiness, which reduce the evaporation (Buytaert et al., 2006b; Cárdenas, 2016). A higher 
temperature would be required in order to move the catchments or the simulations over CNP 
towards a water-limited state. The higher temperature under scenario RCP 8.5 could be the 
reason for the movement (upward and right) towards the water-limited state, with a declining 
runoff. However, these movements are very small but they could still suggest a warmer and 
drier climate with less runoff during future scenarios. This could be important when 
evaluating future hydroclimatic conditions in CNP and when determining which 
consequences these new hydroclimatic conditions could have for the páramo ecosystems. For 
example, a declining runoff and streamflow could have negative consequences for the 
hydroelectricity in the country, where 40 % comes from the páramos of Chingaza. The 
hydroelectricity is currently alleviating the energy demand in the country and contributes to 
the low CO2-emissions from fuel combustion per unit GPD.  Preserving a constant flow of 
water should be highly important to guarantee a continuation of this renewable energy source 
(OECD, 2014). 
 
5.4 Seasonal hydro-climate in CNP  
In alignment with other results, Morales-Rivas et al. (2019), the precipitation in CNP is 
abundant throughout the year, even though it is influenced by a short dry season between 
November and March and a wet season for the remaining months. As previously mentioned in 
the discussion, the average and median monthly temperature is relatively stable on an annual 
basis. However, when examining the spatial variability for precipitation, Tmin and Tmax 
during wet and dry seasons, there are some more pronounced differences across CNP (Figure 
18-20).  
 
The result show visible differences between maximum and minimum temperatures when 
comparing the seasonal and spatial patterns for each period. During dry season, the range 
between minimum and maximum temperature is slightly wider (around 27.5℃) than during 
the wet season (25.5 ℃). It is also during the dry season when the lowest minimum (0.8℃) 
and highest maximum (30.9℃) pixels are found. These large fluctuations during the dry 
season and generally higher number of pixels with warmer temperatures could have a 
negative effect on the water availability in the páramos. According to Ruiz et al. (2012), the 
páramo ecosystems are more vulnerable during dry season due to the loss of glaciers and 
turbeas (tropical high alpine water bodies) which usually act as buffers during dry season. The 
diminishing input of water combined with higher temperatures could reduce the streamflow 
and threaten a future water supply, but also affect the biodiversity. Even though the 
temperature is generally higher during dry season for all periods, the number of pixels with 
most extreme maximum temperature is found during the wet season. One would have 



42 
 

expected these maximum values to occur during the RCP 8.5 scenario, when the temperature 
increase is more pronounced but contradictory, these maximum values are seen during the 
RCP 4.5 scenario. Nevertheless, the RCP 8.5 scenario for both seasons and maximum and 
minimum temperatures contain more pixels with warmer temperatures. It is noteworthy that 
areas without páramo cover, mainly the eastern parts of CNP, show a higher degree of 
variability in both temperature and precipitation. These pixels are also the ones with most 
extreme temperature and precipitation values. It would be interesting to investigate if there 
could be a relation between páramo covered areas and a dampening effect on temperature and 
runoff.  
 
Even though the relationship between seasonal precipitation and temperature is complex, it is 
clear by the above discussion that the water balance for the páramo ecosystems is changing. It 
is difficult to assess the most important parameter that controls the adaptability for the páramo 
ecosystems. Most likely, it is a combination of different parameters, such as temperature, 
precipitation, large-scale wind patterns, microclimate, solar radiation, plant physiology and 
many more that needs to be evaluated jointly to prevent further loss of these sensitive páramo 
ecosystems.    
 
5.5 Future hydroclimate in CNP and its effect on the páramo extension  
In order to aid decision-making processes, and to develop strategies to assess the ongoing 
climate changes and their impact on the páramo ecosystems in CNP, it is essential to first 
establish the recent past (or current) hydroclimatic conditions in the area. The interpolated 
historical observations (WorldClim data) were used as a baseline for where a páramo can 
thrive. Assuming that these known historical hydroclimatic conditions represent an optimal 
páramo environment, these boundaries were used as thresholds when simulating future 
hydroclimatic scenarios for RCP 4.5 and RCP 8.5. If the threshold for either minimum or 
maximum temperature, or precipitation were exceeded for any future scenario, then that 
specific pixels would be assigned the value zero, meaning unsuitable páramo environment.  
 
As expected, the number of unsuitable páramo pixels increased during both scenario RCP 4.5 
and RCP 8.5 due to the general elevated precipitation and temperature. Unexpectedly, the 
number of unsuitable pixels during the wet season for RCP 4.5 was higher (325), while only 
314 pixels were unsuitable during RCP 8.5. This is probably due to the combination of 
precipitation and maximum temperature thresholds being exceeded for a higher number of 
merging pixels during RCP 4.5. This might indicate that the spatial pattern for temperature 
and precipitation is changing more during RCP 8.5, although it must be investigated.  
 
Evaluating the outcome of this seasonal analysis, the maximum temperature threshold is 
exceeded to a higher extent during the dry season, while the upper boundary for precipitation 
is overstepped more during the wet season. This result, with páramo ecosystems becoming 
wetter during wet season and drier during dry season, is in alignment with studies like 
Cárdenas (2016) and Vuille et al (2008) where they suggest prolonged and intensified 
seasonality in the tropical Andes. The generally increasing maximum and minimum 
temperature and slightly higher precipitation for each scenario could indicate that the 
hydroclimatic boundaries are moving upwards, even though the spatial pattern varies slightly 
within the park. Páramo environments being more sensitive and vulnerable during dry season, 
as Ruiz et al. (2012) suggested, is also apparent in the findings from this study.   
 
Although the results from this study point towards changing hydroclimatic conditions, it is 
difficult to evaluate what the consequences might be for the páramos in CNP. It should be 
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highlighted that the result does not cover how well the páramo ecosystems can tolerate and 
adapt to these new hydroclimatic conditions. More studies about how well páramos can resist 
and adapt to seasonal changes and extreme climate should be encouraged. Moreover, the 
precipitation and temperature parameters used in the analysis are merely simulations and 
could therefore contain large errors and bias. In order to improve the climate models, robust 
and continuous observations are needed.  
    
5.6 Limitations and future research  
The known limitations and uncertainties in this study are the following: 

• Based on the complex topography of the investigated region, interpolation was not 
conducted with data gaps larger than two consecutive years. This could lead to an 
over-or underestimation of precipitation or discharge values, although interpolation 
over larger data gaps would most likely have led to an over-or underestimation in any 
case.  

• All observed data are exposed to errors that propagate throughout the analysis. These 
could be for example sampling errors, typos, unit related issues, equipment failure, 
weather effects or other factors contributing to possible over-or-under estimations.  

• The WorldClim datasets have already been bias-corrected and an extensive quality 
control of the data has been made before retrieval. However, both the interpolated 
observations and future scenarios comprise errors and uncertainties due to 
downscaling and knowledge gaps about the hydroclimatic processes in these data-
scarce environments.    

• There are several important parameters when investigating a páramo ecosystem, 
although only precipitation and temperature could be included in the scope of this 
study. The current limitation of site measurements points to the importance of further 
research to fully understand the environments where páramos thrive and how future 
climate change could affect these important regions.  

Data scarcity and lack of long-term hydroclimate data in CNP supports the application of the 
simulated WorldClim dataset. However, there are large uncertainties in both the interpolated 
observed data and the simulated future scenarios. This is partly due to bias related with 
downscaling the output to a regional scale, but also because difficulties to capture 
hydroclimatic variability in mountainous areas (Buytaert et al., 2010). In this study, the output 
from the global climate model CCSM4 was used due to its accuracy in mountainous areas. 
The model output can vary depending on the chosen model and not all models are applicable 
for every type of environment around the globe. A weakness in this study is therefore that 
only one model was applied. It would have been interesting to compare the results using 
several model outputs.  
 
Remote and inaccessible environments like CNP usually lack long-term records of climate 
data. This further complicates alternative methods, such as establishing conceptual models, 
due to knowledge gaps about hydroclimatic processes in páramo ecosystems (EU, 2015; Gil 
& Tobón, 2016). Even though CNP is relatively well studied and there are existing data 
records, it just gives the general hydroclimatic conditions for that particular site and not for all 
types of páramo ecosystems. There are many similarities between different páramo 
ecosystems but also various discrepancies. Their location in relation to large-scale wind 
systems and other forcing factors makes them impossible to treat as one single ecosystem. 
Climate changes will therefore have different impact on a páramo ecosystem depending on its 
location and the specific hydroclimatic conditions at that site (Rios & Pedraza, 2003). When 
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establishing adaptation plans it should therefore be highlighted that each and one of the 
páramos in Colombia probably will adapt differently to climate change. Small-scale shifts 
within a catchment due to variations in microclimate and other types of internal features 
makes it even harder to generalise an entire ecosystem only with point station data. 
Comprehensive reports such as Rivera & Rodríguez (2011) which are mapping and evaluating 
sensitive and endangered (hot-spot) páramo locations, should be promoted. Using modern 
techniques, such as remote sensing, could tackle the problem of missing data and improve the 
visualization of spatial patterns (Neteler, 2010; Pepin, 2012). However, traditional fieldwork 
and retrieval of long-term data series are still essential in order to gain a better knowledge of 
the complex hydroclimate processes in these environments, and to improve the accuracy of 
hydrological models (Buytaert et al., 2006b).   
 
Páramo ecosystems are highly dynamic environments that experience rapid shifts in both 
temperature and precipitation intensity on an hourly basis (Rivera & Rodiguez, 2011). 
Therefore, hydroclimatic shifts are not only detected with long-term changes. Examining the 
hourly changes in solar-radiation, cloudiness, evapotranspiration, temperature, precipitation 
etc. could give a deeper insight about the rapid shifts in these types of ecosystems (Ruiz et al., 
2012). Moreover, further investigations about páramo soils are prompted due to their 
immense long-term carbon storage Hribljan et al. (2016) and unique water storage capacity 
(Buytaert et al., 2006a). The ecosystem services that these soils are accounting for could be 
jeopardized if a sustainable land use management is ignored.  
 
In order to develop useful climate adaptation plans for CNP, which both assure a stable water 
supply and prevent a mass extinction of tropical high alpine species, studies that investigates 
the complex internal and external interactions controlling these types of ecosystems are 
encouraged. For example, the shift in cloud cover, vegetation, land use changes, soils, 
changes in water storage, elevation dependent warming, the impact of ENSO and so forth, 
should be examined jointly in order to protect these dynamic and sensitive páramo 
ecosystems in a changing hydroclimate (Pepin et al, 2015; Cárdenas et al, 2017; Buytaert et 
al, 2010). Lastly, to achieve a sustainable development and protect the current ecosystem 
services as these páramos provide, all stakeholders; local communities, farmers, politicians, 
students, researchers, corporations etc. has to take part in the conservation process (Alvatez, 
2015; Clerici et al, 2019).  
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6. Conclusions  
The general outcome and findings of this study are the following: 
 

• Anthropogenic induced climate change pose a threat for the sensitive páramo 
ecosystems in Chingaza National Park and it is out of highest importance to preserve, 
protect and continue investigating these environments. Currently, the páramo 
ecosystems in CNP provide a constant supply of water to the entire city of Bogotá and 
many other parts of the country. Further, it stores vast amounts of organic carbon, act 
as a shelter for approximately 2000 species whereas many are endemic, it regulates the 
runoff, prevent land-slides and so forth. Moreover, the landscape is important for 
groups of indigenous people and others seeking closeness to the nature. A loss of these 
ecosystems would have dramatically consequences for all of the previously mentioned 
ecosystem services.  
 

• Historically, the long-term hydroclimatic conditions in CNP have been dominated by 
abundant precipitation, a high rainfall-runoff ratio and low temperatures. Investigating 
the small-scale changes at a catchment level show that there are spatial variations in 
the park. A varying topography is probably the main reason for the spatial 
discrepancies within the park, although this could be further investigated. Other 
contributing factors to these discrepancies could be errors in the observed datasets, 
which lead to under-or over estimations of the investigated parameters. It is important 
to know the cause of these inconsistencies when establishing climate adaptation plans 
for the studied area. Modern remote sensing techniques and improved fieldwork to 
retrieve reliable observations could be useful approaches to fill the knowledge gaps 
about the hydroclimatic processes in CNP.      
  

• The hydroclimatic conditions in CNP are expected to change, according to the output 
from the global climate model CCSM4 used for simulating future precipitation and 
temperature under the RCP scenarios 4.5 and 8.5. The boundaries (range between 
minimum and maximum precipitation) are increasing for each scenario, with the 
highest increase during RCP 8.5. This could point towards a more extreme climate 
with intensified dry and wet seasons. In comparison to the interpolated historical 
observations, the long-term annual precipitation will increase by 7.6 % and 8.7 % 
during RCP 4.5 and RCP 8.5, respectively. The results from this study are in 
accordance with other studies, suggesting similar trends in páramo environments 
(Buytaert et al., 2011; Cárdenas, 2016; Vuille et al., 2008).  
 
Regarding future changes in temperature, both the long-term average annual 
temperature will increase by 1.8 and 2.4 C° during RCP 4.5 and RCP 8.5 respectively, 
compared to interpolated historical observations. The lower and upper temperature 
boundaries are also shifting upwards, suggesting a warmer climate state. However, the 
total range between minimum and maximum temperature is only increasing by 0.1 C° 
for each scenario. The runoff across CNP, estimated with the water balance is 
expected to increase by 5.9 % during RCP 4.5 and 2.3 % for RCP 8.5. The high 
energy input during RCP 8.5 could be the reason for the low runoff partitioning during 
this scenario, in comparison to RCP 4.5. 
 

• The lower and upper limits for interpolated historical temperature and precipitation 
were used to define the boundaries for suitable páramo environments. Both the 
minimum and maximum temperature boundaries are simulated to move upwards 
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during both scenario RCP 4.5 and RCP 8.5. The shift in minimum and maximum 
precipitation boundaries are small but incline an upward shift for both scenarios. In 
total, the numbers of pixels with suitable páramo environments decrease when 
applying both the temperature and precipitation boundary criteria. Greatest loss of 
pixels with suitable páramo areas are seen during dry season and for RCP 8.5. 
However, complex internal-and external interactions between other influencing 
parameters, such as ENSO, microclimatological changes, land-use change, climate 
change etc. makes it difficult to assess whether the páramo ecosystems will migrate 
upwards or disappear only by evaluating temperature and precipitation parameters. A 
combination of modern technique, more research and data retrieval is needed to fill the 
knowledge gaps about these sensitive and highly dynamic páramo ecosystems.   
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Appendix  

Figure 19. Illustration made by the Climate Prediction Centre (CPC), NCEP/NWS/NOAA symbolizing the Oceanic Niño Index 
(ONI) during the period 1950-2015. When the ONI-index is above 0.5 for five consecutive months, it classifies as an El Niño 
period and when it goes below -0.5 during five consecutive months, it is a La Niña period. Both states can be classified into 
week, moderate, strong. El Niño can also be very strong.   
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