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Resumen 

El páramo proporciona recursos hídricos para importantes ciudades andinas. Estos recursos 

son utilizados para agua potable, agricultura, generación de energía hidroeléctrica y para 

sostener ecosistemas acuáticos. A pesar de que las zonas de montaña presentan dificultades 

por su locación remota; y, en consecuencia, escasez de datos, el conocimiento acerca del 

funcionamiento de este bioma ha mejorado últimamente. El monitoreo de precipitación (P) y 

escorrentía ha incrementado dramáticamente, pero no así el de evapotranspiración (ETa). A 

fin de comprender los componentes del ciclo hidrológico, este estudio tiene como objetivo 

entender el proceso de evapotranspiración en este importante bioma, a través de tres objetivos 

específicos: (1) cuantificar la intercepción, la transpiración y su contribución a la 

evapotranspiración, (2) encontrar métodos adecuados para medir y estimar la 

evapotranspiración e (3) investigar los controles de la evapotranspiración. 

Los resultados mostraron la alta contribución de la intercepción al proceso de 

evapotranspiración. La capacidad máxima de los pajonales para interceptar agua fue de 2 

mm. Durante eventos pequeños (P < 2 mm), la precipitación fue interceptada entre 100 y 80 

% y regresó en forma de vapor a la atmósfera; mientras que, durante eventos largos (P > 2 

mm), la pérdida por intercepción decreció desde 80 a 10 %. La intercepción fue 

principalmente controlada por la cantidad de precipitación y en menor grado por la humedad 

relativa. Durante periodos secos, las tasas de transpiración fueron en promedio 1.7 mm/día 

(en un rango de 0.7 y 2.7 mm/día). Incluso durante esos periodos secos, la neblina y el rocío 

fueron retenidos por la vegetación y contribuyeron a la evapotranspiración. 

Para la medición de la evapotranspiración, se encontró que el método de eddy-covariance es 

el más preciso y el de mejor resolución. Sin embargo, debido a la complejidad de instalación, 

operación y mantenimiento, se encontraron como alternativas para la estimación diaria de 

evapotranspiración, dos modelos hidrológicos (HBV-light y PDM) y la ecuación calibrada de 

Penman-Monteith. Estos métodos alternativos son precisos, están disponibles gratuitamente y 

son fáciles de implementar. Este estudio demostró, además, que el método de balance hídrico, 

usado comúnmente, no es aceptable para la estimación de la evapotranspiración a escala 

diaria o mensual. 

Finalmente, se encontró que el páramo tiene una tasa de evapotranspiración relativamente 

baja (ETa/P = 0.5, agregación anual) y que es un sitio limitado por la cantidad de energía, 

donde la radiación neta es el principal control de la evapotranspiración (ETa/Rn = 0.47, 
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agregación anual). Los controles secundarios que se encontraron fueron la velocidad del 

viento, la conductancia superficial y la conductancia aerodinámica, los cuales fueron 

especialmente importantes durante periodos secos. 

Palabras clave: Páramo. Andes. Pajonal. Evapotranspiración. Intercepción. Evaporación. 

Transpiración. 
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Abstract 

The páramo biome provides water resources for many cities in the Andes. These resources 

are used for drinking water, irrigation, hydropower generation and for sustaining aquatic 

ecosystems. Notwithstanding mountainous terrains place difficulties for their study, due to its 

remoteness and data scarcity, knowledge about the functioning of this biome has improved 

lately. Precipitation (P) and runoff monitoring has increased dramatically, but this was not the 

case for evapotranspiration (ETa). In order to understand the components of the hydrological 

cycle, this study aimed at understanding the evapotranspiration process of this important 

biome by pursuing the following three objectives: (1) to quantify interception, transpiration 

and their contribution to evapotranspiration, (2) to find suitable methods for measuring and 

estimating evapotranspiration, and (3) to investigate the controls on evapotranspiration. 

Results show the high contribution of interception to the evapotranspiration process. The 

maximum capacity of tussock grasslands to intercept water was 2 mm. During small events 

(P < 2 mm), between 100 and 80 % of precipitation was intercepted and released back to the 

atmosphere as vapour; while during large events (P > 2 mm), interception loss decreased 

from 80 to 10 %. Interception was mainly driven by precipitation amount and secondary by 

relative humidity. During dry periods, transpiration rates were on average 1.7 mm/day 

(ranging between 0.7 and 2.7 mm/day) and on top, the fog and dew harvested by the 

vegetation contributed to the evapotranspiration in around 30 %. 

For measuring evapotranspiration, the eddy-covariance method is considered the most 

accurate and with the highest resolution. However, given the high cost of the method, 

complex installation, operation and maintenance, two hydrological models (HBV-light and 

PDM) and the calibrated Penman-Monteith equation were found robust alternative methods 

for the daily estimation of evapotranspiration. These alternative methods are accurate 

(Pearson’s correlation coefficient > 0.7 and bias percentage < 20 %), freely available and 

easy to implement. This study also showed that the commonly used water balance method 

was not suitable for estimating evapotranspiration at daily or monthly scale. 

Finally, it was found that the páramo biome has a relatively low evapotranspiration rate 

(annual ETa/P = 0.5) and is an energy-limited site, where net radiation is the primer control 

on evapotranspiration (annual ETa/Rn = 0.47). The secondary controls were wind speed, 

surface and aerodynamic conductance, especially important during dry periods.  
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Chapter 1 

1. Introduction 

1.1 Importance of the study 

Mountain research on hydrology and climatology are of outmost importance for developed 

and developing countries towards achieving several of the seventeen goals of the 2030 

Agenda for Sustainable Development (UN, 2018); especially goal 6 (clean water and 

sanitation) and goal 13 (climate action). Regarding goal 6, water availability requires correct 

measurement and estimation of the water cycle. Important variables that need understanding 

and measurement are precipitation, evapotranspiration and discharge. With respect to goal 13, 

climate action needs correct estimation of the climate change impacts on mountain regions, in 

order to assess their vulnerability and create mitigation plans accordingly. 

In South America, one of the most important mountain environments, for its ecosystem 

services, is the páramo. The páramo occupies 36,000 km
2
 and is located above 3300 m. a.s.l., 

mainly in Ecuador and Colombia, but also in Costa Rica, Venezuela and Peru (Figure 1.1). 

Water from the páramo is used by many cities in Ecuador and Colombia for drinking water, 

agriculture, hydropower generation and for sustaining aquatic ecosystems. In addition, the 

páramo is inhabited by indigenous communities that live and develop at this region. The 

intrinsic complexity of mountain terrains demands further assessment of their hydrological 

processes. The complex orography makes it difficult to measure or estimate correctly the 

large spatial and temporal variability of hydrological variables. Major efforts towards the 

closing of the water balance at the páramo led to an increase of the monitoring of 

precipitation and discharge in the last decade (Ochoa-Tocachi et al., 2018). However, the 

monitoring of evapotranspiration received considerably less attention. 

The correct measurement or estimation of evapotranspiration enables the closure of the water 

balance and the energy budget. Evapotranspiration is a key variable since it explains the 

exchange of water and energy between the soil, vegetation and the atmosphere. It has 

regulating effects over precipitation and soil moisture (Ren et al., 2018). It links ecosystem 

functioning, carbon and climate feedbacks, agricultural management, and water resources 

(Fisher et al., 2017). Insights on the evapotranspiration process are of major importance for 

solving current and future science questions about the terrestrial biosphere. 
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An important step towards the understanding of the evapotranspiration process and the links 

between hydrologic and ecologic systems, is the quantification of the evapotranspiration 

(ETa) components (Good, Noone, & Bowen, 2015; Savenije, 2004). The components of ETa 

include soil and intercepted water evaporation and transpiration. Seasonal variation of ETa 

and the contribution of its components depend on how vegetation processes energy and water 

(Saleska, 2003). This variation and partitioning are important and yet unclear at some sites in 

the Tropics. 

Evapotranspiration in grasslands at high altitudes have been rarely measured (Coners et al., 

2016; Gu et al., 2008; Knowles, Burns, Blanken, & Monson, 2015; van den Bergh, Inauen, 

Hiltbrunner, & Körner, 2013). At the páramo, evapotranspiration was estimated calculating 

the reference evapotranspiration using either the Penman-Monteith equation (Córdova, 

Carrillo-Rojas, Crespo, Wilcox, & Célleri, 2015) or the Hargreaves equation (Maffei, 2012). 

The installation of the eddy-covariance tower at the páramo in 2016 led to the first 

measurement of actual evapotranspiration (Carrillo-Rojas, Silva, Rollenbeck, Célleri, & 

Bendix, 2019). This was a major step towards accuracy, although this method presents its 

own difficulties (e.g. complex installation, operation, maintenance and data processing). 

Actually, the available measurements of evapotranspiration open the opportunity for finding 

alternative methods that might be suitable for different applications. 

In addition, the adequate understanding of evapotranspiration includes the assessment of its 

drivers. The páramo ecosystem is probably vulnerable to climate change impacts due to their 

dependence on surface and sub-surface water. If temperature and precipitation change, 

evapotranspiration will change as well. Unveiling the controls on evapotranspiration leads to 

a better understanding on the dependency among variables. 

In summary, the quantification of evapotranspiration and its components requires the 

availability of accurate and reliable methods for estimating evapotranspiration and the 

unveiling of the controls on evapotranspiration; all of these in order to advance towards a 

better understanding of the hydrological processes at one of the most important mountain 

ecosystems. 

1.2 Objectives 

In order to contribute to the understanding of the hydrological processes of the páramo, the 

main aim of the doctoral project was to unravel the dynamics and processes of 



  Introduction 

3 

evapotranspiration that enables proper closing of the water balance of the páramo biome. 

Doing so, will improve the hydrological modelling and further analysis of the impact of 

climate and land use change at this important biome. The specific objectives can be 

summarized as: 

(1) quantification of the interception and transpiration and investigation of their contribution 

to evapotranspiration, 

(2) measuring and estimation of evapotranspiration using different methods with the intention 

to compare them and analyse their potential for different applications, and 

(3) understanding of the evapotranspiration process by investigating its controls. 

 

 

Figure 1.1. The páramo biome located above the 3300 m a.s.l. This map was elaborated by T. 

Distler and provided by C. Ulloa, Missouri Botanical Garden. 
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1.3 Outline of the doctoral thesis 

The outline of the thesis is depicted in Figure 1.2. The first chapter highlights the importance 

of the study by reviewing past studies, identifying the knowledge gaps and the objectives. In 

addition, this chapter provides a detailed outline of the study are in support of the multiple 

studies in the following chapters. 

The second and third chapters quantify the major components of evapotranspiration at the 

páramo site: interception is described and discussed in Chapter 2 and transpiration in Chapter 

3. The amount of data enabled define the drivers of interception and a mathematical model 

for estimation of the interception. The availability of actual evapotranspiration measurements 

enabled to understand the contribution of evaporation and transpiration to the 

evapotranspiration process as discussed in Chapter 3. 

Thereafter, Chapter 4 presents several methods to measure and estimate evapotranspiration. 

Each method’s advantages and disadvantages are discussed to give the reader the possibility 

to select the best method conform the application. 

Finally, the main and secondary controls on evapotranspiration are presented in Chapter 5. 

The relate discussion focussed on comparing the páramo site to other tropical sites with 

similar characteristics to close the knowledge gap on mountain hydrology in the Tropics. 

 

Figure 1.2. Outline of the doctoral thesis 

1.4 Study area 

The study site is located at the headwater of the Zhurucay Ecohydrological Observatory, 

which has a drainage area of 7.36 Km
2
. Zhurucay is located in a wet páramo ecosystem on 

the Pacific side of the western Andean cordillera (Figure 1.3) and it is an open-field 

laboratory where hydrological, micrometeorological and ecological research is conducted. 

Elevations range from 3500 to 3900 m a.s.l. The study site is representative of the wet 

páramo ecosystem based on its location, vegetation, climate, and soil characteristics. Climate 
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is influenced by the west Pacific regime and the air masses from the Amazon (Córdova, 

Carrillo-Rojas, & Célleri, 2013). Mean annual precipitation is approximately 1300 mm. Intra-

annual precipitation is highly uniform (very low seasonality) with a slightly higher 

precipitation from January to June. Precipitation is frequent and characterized by its low 

intensity and high occurrence of drizzle which is present 80 % of the rainy days and accounts 

for 30 % the annual rainfall depth  (Padrón, Wilcox, Crespo, & Célleri, 2015). Only 20 % of 

the days are completely dry and even in the drier months there are only few consecutive days 

with no rain (Padrón et al., 2015). Furthermore, Padrón et al. (2015) reports that during rainy 

days, precipitation is less than 1 mm/day in 20 % of the days in a year and only 10 % of the 

days record a precipitation higher than 10 mm. Rainfall intensity is less than 2 mm/h (for a 

30-min duration) during 90 % of the time. During dry days and even during rainy days, there 

are sunny hours with high solar radiation, enhancing evaporation. Solar radiation can reach 

instantaneous values of 1.4 kW/m2 due to the latitude and elevation of the area. Mean air 

temperature is 6°C and mean relative humidity 90 %, and mean wind velocity 3.6 m/s. 

The study area is mainly covered (>80 %) by tussock grasses (Calamagrostis Intermedia (J. 

Presl) Steud. sp., commonly known as “pajonal”), which are perennial plants, approximately 

30 cm tall, that grow in bunches leaving no bare soil at the study site. At the Soils correspond 

mainly to Andosols with a minority of Histosols (24 %) (FAO/ISRIC/ISSS, 1998). Andosols 

are black loamy soils with a high organic matter content and moderately granular. 

Precipitation and discharge are continuously monitored at several stations within Zhurucay. 

For this study, five rain gauges (Figure 1.3, P1 – P5) and three weirs (Figure 1.3, M1 – M3) 

were used for closing the water balance of three microcatchments (M1, M2 and M3). 

Characteristics of these three microcatchments are detailed in Table 1.1.  In addition, a 

supersite exists at Zhurucay (Figure 1.3), located at 3765 m a.s.l. equipped with 

micrometeorological sensors such as an eddy-covariance tower, a meteorological station, 

energy fluxes sensors, precipitation sensors (rain gauges and a laser disdrometer), as well as a 

hillslope equipped with a set of 38 water content reflectometers (WCRs). 
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Table 1.1. M1, M2 and M3 microcatchment characteristics. Soil type correspond to Andosol 

(AN), Histosol (HN) and Leptosol (LP). Vegetation coverage correspond to tussock grass 

(TG), cushion plants (CP), Polylepis forest (QF) and pine forest (PF). Soil and vegetation 

characteristics were calculated from the corresponding microcatchments in Mosquera et al. 

(2015). However, names M1, M2 and M3 differ from Mosquera et al. (2015). 

Catchment 
Area 

(km2) 

Altitude     

(m a.s.l.) 

Slope 

(%) 

Soil type 

distribution (%) 

Vegetation coverage 

(%) 

Annual 

precipitation 

(mm) 

Runoff 

coefficient 
AN HS LP TG CP QF PF 

M1 0.38 3770 - 3900 24 83 15 2 87 13 0 0 1063 0.43 

M2 1.6 3680 - 3900 17 82 16 2 82 16 0 2 1042 0.48 

M3 4.31 3676 - 3900 18 77 19 4 77 20 2 1 1019 0.42 

 

 

Figure 1.3.  Zhurucay Ecohydrological Observatory located in Southern Ecuador. Three 

main microcatchments within the Zhurucay Observatory are numbered from M1 to M3 and 

five raingauges are numbered from P1 to P5. 
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2. Quantification of rainfall interception 

Páramo ecosystem provide most of the water for the tropical Andean highlands in South 

America. While the comprehension of this environment has increased lately, there remains an 

urgent need to quantify the processes involved in the hydrological cycle. Interception loss 

(IL) is one of the least studied processes in the páramo, and more generally, in grasslands 

globally. The main objective of this study was to quantify IL at event scale by estimating it 

indirectly from precipitation (P) and effective rainfall (ER). Furthermore, the following 

questions were assessed: (1) how much of the P becomes ER; (2) what is the impact on IL 

calculations of using a raingauge instead of a disdrometer?; (3) which meteorological 

variables are related to the IL process?; and (4) is it possible to estimate IL from 

meteorological variables?. High percentages of IL in relation to P were found (10 – 100 %). 

The maximum canopy storage capacity of tussock grasses was approximately 2 mm. The 

disdrometer observations led to more accurate results than the raingauge observations since 

only the disdrometer registers light precipitation, horizontal precipitation, and drizzle which 

increases the amount of P, ER, and IL estimates. Also, we found that IL is more strongly 

correlated with P; and IL can be estimated with a multiple linear regression (R
2
=0.9) from P 

and relative humidity for events where 1.7 < P < 8.5 mm. These findings show the important 

role of IL in the páramo and provide a stepping stone to the modelling of water resources. 

 

 

 

 

 

Related publication 

Ochoa-Sánchez, A., Crespo, P., & Célleri, R. (2018). Quantification of rainfall interception in 

the high Andean tussock grasslands. Ecohydrology, 11(3), e1946. 

https://doi.org/10.1002/eco.1946 
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2.1 Introduction 

Research on mountain hydrology presents several difficulties such as data scarcity, complex 

orography, and harsh environmental conditions that limit field work. In the Andean region, 

hydrometeorological variables (e.g. precipitation) have strong spatial variability, which 

intensifies the need for more detailed information from field studies. These, in combination 

with the remoteness of study sites, have hindered ecohydrological research in the Andean 

region and limit the capacity for science-based management of most of its water ecosystem 

services (provisioning, supporting, and regulating services). The páramo ecosystem 

(generally above 3000 m a.s.l.), characterized by a large presence of tussock grasses 

(Hofstede, Segarra, & Mena, 2003), provides most of the water for the Andean highlands of 

Venezuela, Colombia, and Ecuador, extensive parts of the adjacent lowlands, and even some 

of the arid coastal plains in Northern Peru (Buytaert, Iñiguez, et al., 2006). Furthermore, 

considering that the increasing demand of human activities, land use and climate change will 

produce a severe impact on the hydrological services of the high Andes (Beniston, 2003; 

Buytaert, Célleri, et al., 2006; Foster, 2001), it is of outmost importance to understand and 

estimate the hydrological cycle components in order to preserve the ecosystems and develop 

adequate strategies for the sustainable management of the regional water resources. 

Evapotranspiration (ETa) is a very important component of the hydrological cycle and its 

knowledge improves the understanding of the water and energy exchange processes between 

land and atmosphere. The term evapotranspiration encompasses the different evaporative 

processes; and should be partitioned in order to conceptualize each process: evaporation from 

the soil and canopy interception, and transpiration (Savenije, 2004). Interception loss (IL) 

from the canopy (the proportion of rainwater retained and evaporated by vegetation) can 

constitute a considerable fraction of evaporation and it is an important hydrological process 

as it determines the amount of water reaching the soil as effective rainfall. Interception is 

certainly not small in rough surface canopies (Beven, 2001) but it is commonly disregarded 

or underestimated in many models (e.g. THALES, DBSIM, Topkapi, QPBRRM, and InHM 

models), hindering the proper closing of the water balance. Indeed, no previous research 

exists on the interception loss in Andean páramos where most studies have focussed on other 

processes or components of the hydrological cycle such as precipitation (Muñoz, Célleri, & 

Feyen, 2016; Padrón et al., 2015), soil water movement (Buytaert, De Bièvre, Wyseure, & 

Deckers, 2005; Buytaert et al., 2002), percolation and erosion (Harden, 2001; Harden & 

Scruggs, 2003; Poulenard, Podwojewski, Janeau, & Collinet, 2001; Zehetner & Miller, 2006), 
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runoff sources (Correa et al., 2016, 2017), and rainfall-runoff processes (Braud, Fernandez, & 

Bouraoui, 1999; Crespo et al., 2011; Mosquera et al., 2015; Perrin, Bouvier, Janeau, Ménez, 

& Cruz, 2001). Grasslands, in general, intercept less water than forest or high vegetation 

(Nisbet, 2005) and perhaps because of that, grass interception has not received proper 

attention. Indeed, when rainfall intensity is high IL in general is small (Q Xiao, McPherson, 

Ustin, & Grismer, 2000) since most of the water drips fast from the vegetation and falls to the 

ground. However, low rainfall intensity and the lack of climate stationarity, typical in the 

páramo, easily results into more interception despite the short stature of the vegetation. Not 

surprisingly that IL in the páramo, depending from the conditions, can play an important role 

in the water cycle. 

In order to quantify interception, the water balance of the vegetation canopy should be closed, 

i.e. precipitation (P) minus effective rainfall (ER) equals IL. For forests, ER is divided into 

SF (stemflow that goes to the ground via branches and stem) and TF (throughfall of raindrops 

to the ground either by dripping from the vegetation or contactless). P is measured by 

raingauges usually located at a nearby open-field, SF is commonly measured by wrapping 

collectors in a spiral or ring around tree trunks, and TF is measured by placing raingauges 

and similar devices below the tree canopy (Chen & Li, 2016; Pereira et al., 2009; Sun, Onda, 

Kato, Gomi, & Komatsu, 2015; Qingfu Xiao, McPherson, Xiao, & McPherson, 2011; and 

others). However, these measurements are not feasible in pastures and tussock grasses since 

the vegetation is not tall enough to place collectors on the stems and to collect water under 

the canopy.  

For short vegetation, former studies indirectly measured interception in the laboratory and in 

the field. Lab experiments were performed by creating a device that contains aerial biomass 

above a wire-mesh screen of the same diameter as the sample which was installed over a 

funnel and then the water collected was compared to the water applied as simulated rain 

(Ataroff & Naranjo, 2009; O. Clark, 1940). The main problem with lab experiments is that 

rainfall intensity cannot be properly reproduced with sprinklers; and therefore, IL 

measurements are prone to inaccurate assumptions since they do not take into account the 

meteorological factors that may influence IL. Field experiments have been performed by 

positioning plastic trays near or on the ground to collect rainfall transmitted through the 

plants (Brye, Norman, Bundy, & Gower, 2000), by using pit gauges and canals at the soil 

surface to collect effective rainfall (Rincón, Ataroff, & Rada, 2005) and by using lysimeters 

(Campbell & Murray, 1990; Rowley, 1970). Most of these experiments cannot be 
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implemented in páramo where high vegetation coverage impedes the installation of trays or 

canals below the canopy. In summary, field experiments are preferable over lab experiments 

to account for all the environment conditions, as long as their techniques are suited to the 

study site. 

Therefore, our study pursued the quantification of interception loss in the tussock grasses of 

páramo with a field experiment that consists in closing the vegetation water balance during 

rain events by measuring soil water storage (measured with water content reflectometers) 

representing ER, and precipitation (measured with laser disdrometer) representing P. With IL 

(P – ER) depending on the measurement of two variables, two limitations of this method are 

evident. First, the requirement of precise precipitation measurements is challenging since the 

páramo rainfall occurs primarily as drizzle (Padrón et al., 2015). As shown by Padrón et al. 

(2015) precipitation volume was 15 % higher when recorded with a disdrometer than when 

recorded with a classical raingauge, affecting of course the closing of the water balance. 

However, the most common instruments available in our region are raingauges. Therefore, a 

comparison of disdrometer versus raingauge measurements is required, also to identify if 

similar studies can be reproduced at other sites. Second, ER errors arise from the 

measurement of the soil water storage and also the selection of the particular event period 

which involves the analysis of the precipitation records. Hence, in addition, a description of 

ER measurements is needed. Besides, ER measurements also enable the calculation of the 

canopy storage capacity: a vegetation parameter that is used in hydrological modelling. On 

the other hand, a clear advantage of using the presented field method is the possibility to 

understand the influence of meteorological variables on IL. In other regions, this influence 

included fast evaporation from the canopy due to wind velocity, limited evaporation due to 

high air humidity, higher interception with lighter rainfall, and positive correlations of 

interception with gross rainfall, duration, and wind speed (Baloutsos, Baltas, & Bourletsikas, 

2009; Fan et al., 2015; Koichiro, Yuri, Nobuaki, & Isamu, 2001; Q Xiao et al., 2000). In fact, 

in several studies IL has been estimated from meteorological variables alone (Baloutsos et al., 

2009; Genxu, Guangsheng, & Chunjie, 2012). 

In conclusion, the present study mainly focusses on interception loss estimation, addressing 

simultaneously the following questions: (1) how much of the precipitation in the páramo 

becomes effective rainfall; (2) is it possible to derive similar ER values and therefore IL 

estimates, when using a raingauge (0.1 mm resolution) instead of the laser disdrometer (0.01 
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mm resolution)?; (3) which meteorological variables are related to the interception loss 

process?; and (4) is it possible to estimate IL from meteorological variables? 

2.2 Materials and methods 

2.2.1 Data 

Four-year time series of precipitation, meteorological variables, and soil water content were 

available at 5-minute temporal resolution. Precipitation was recorded with a raingauge and a 

disdrometer. Texas Electronics tipping-bucket TE525MM rainfall sensor’s resolution is 0.1 

mm. Disdrometer (Thies Clima Laser Precipitation Monitor 5.4110.00.000V2.4x STD 

(LPM)) measures the size and falling velocity of drops, from which rainfall amounts are 

derived with a resolution of 0.01 mm (evaluation of the Thies disdrometer can be found at 

(Frasson, da Cunha, & Krajewski, 2011). Meteorological variables such as solar radiation, 

long and short wave net radiation, wind velocity and direction, atmospheric pressure, air 

temperature and relative humidity were recorded respectively with the instruments Campbell 

Scientific CS300 Apogee pyranometer, CNR2 – Kipp and Zonen, Met-One 034B Windset 

anemometer, and Campbell Scientific CS-2150 combined probe with radiation shield. Soil 

water content was measured with two CS616 water content reflectometers (WCRs) installed 

nearby the weather station at 10 cm soil depth, in a flat area, four meters apart from each 

other; thus there will be absence of events given the absence of lateral flow between both 

measuring points. WCRs accuracy is 2.5 % with standard calibration, while resolution and 

precision are better than 0.1 % (Campbell Scientific, 2012). Volumetric water content was 

calculated with the calibration curve depicted in equation 1.2 which was derived in the 

laboratory with the following procedure: 

a) Three unaltered soil samples were extracted from the study site in large PVC cylinders 

(20 cm diameter and 35 cm length) and transported to the laboratory. 

b) The samples were placed in buckets with water up to 30 cm and left for about a week in 

order to achieve soil saturation by capillarity. After saturation, samples were taken out of 

the water. 

c) The CS616 sensor was introduced in one of the soil samples and then connected to a 

CR800 datalogger and a PS100 power supply. The sensor output period (P) was recorded. 

d) Two small cylindrical samples of 2 cm diameter and 10 cm length were extracted from 

the large cylinders to obtain the soil volumetric water content (VWC) with equation 1.1. 
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    (1.1) 

where, 

  and 

 

where, mwet and mdry correspond to the wet and dry mass of the soil samples, 

respectively; and the volumecylinder corresponds to  cm
3
. 

e) The three large cylinders were placed in the oven at 30 °C. 

f) Every 24 hours the samples were taken out of the oven to record P from the sensor and to 

extract two small samples to calculate VWC until a value of 0.4 VWC was reached. This 

value corresponds to the wilting point determined before in a laboratory test, for the same 

soil at the same site. 

g) At the end, the VWC from the two soil samples were averaged and plotted against P, as 

depicted in Figure 2.1. The best calibration curve was a second-degree polynomial. The 

95 % confidence interval of the polynomial regression was calculated to present the 

uncertainty in the measurement of soil water content. 

The calibration curve depicted in equation 1.2 can be used in Andosols to measure volumetric 

water content (VWC) in m
3
/m

3 
with the CS616 WCR output period (P) in microseconds. 

    (1.2) 
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Figure 2.1. CS616 WCR calibration curve and its 95 % confidence interval 

2.2.2 Interception loss calculation 

Interception loss was quantified by closure of the vegetation water balance during a 

precipitation event (equation 1.3) where IL is the interception loss, P precipitation and ER 

effective rainfall, all recorded during an event: 

      (1.3) 

Effective rainfall was estimated first as the change in soil water storage during an event. The 

change in soil water storage corresponds to the change in the volumetric water content, 

recorded by the average of two WCRs, multiplied by the installation depth of the sensor (100 

mm). Selected events that fulfil the conditions explained in 2.2.1 were used as input in a 

script in R x64 3.3.2 to calculate ER and IL for each event. 

2.2.2.1 Events selection 

In this study, as suggested by Rutter, Kershaw, Robins, & Morton (1971) and Gash (1979), 

an event starts when the first drop of precipitation falls on dry grass leaves and lasts until the 

grass is dry again. Thus, the event length is the sum of the duration of the precipitation event 

plus the time that it takes the tussock grasslands to dry. By using net radiation records, and 

given the high radiation present in the environment, we selected the events in which at least 



Chapter 2 

14 

four hours of sunshine occurred prior and after the event, assuming this time is enough for the 

tussock grassland leaves to get dry. 

Also, only events that did not reach soil saturation were selected. Saturation was avoided 

since runoff might occur and it cannot be included as effective rainfall, as this would prevent 

closure of the vegetation water balance. Therefore, a pF curve was determined in the field 

and only events with soil water content below 85 % were selected. Similarly, precipitation 

events up to 8.5 mm are used for this study to avoid soil saturation. 

2.2.3 Effective rainfall and interception loss calculated with a disdrometer vs. 

a raingauge 

Rainfall was assessed using both a raingauge and a laser disdrometer to identify whether the 

more widely available and low cost raingauge can be used reliably to quantify effective 

rainfall and therefore interception loss in the páramo. Events selection, ER, and IL 

calculations were performed with the disdrometer and with the raingauge records separately. 

Effective rainfall versus cumulative precipitation events were plotted together with their 

respective linear regression for each instrument.  Alongside, the canopy storage capacity (S = 

the maximum amount of water that can be retained by the canopy before dripping occurs) 

was calculated as in Rutter et al. (1971) by constraining the regression slope to one, and then 

the intercept equals S. Comparison between the linear regressions was performed by visual 

means together with the linear equation coefficients, their coefficient of correlation, and their 

respective calculation of S. The duration of events was plotted against P from the raingauge 

and from the disdrometer records. Finally, to compare the effect of the instruments on the 

calculation of ER and IL, box plots of each variable were plotted together. 

2.2.4 Relationship between interception loss and meteorological variables 

The meteorological variables described in Table 2.1 were averaged per event and the 

variables P, Temp, RH, Rn, u2, WI, MI, and ETo were calculated for 6, 12, 18, and 24 hours 

prior to the event, resulting in a total number of 48 independent variables. The dependent 

variable (IL) and the independent variables are continuous and the relationships might be 

linear or not and involve complex interactions. Although principal component analysis is 

usually a convenient means of selecting variables from a large group, it does not allow 

determination of dependent variables in the system. Regression trees (RTs) have the 

advantage of enabling the selection of the dependent variable while finding its relationship 
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with the independent variables. On the other hand, random forest (RF) allows determination 

of the importance of the variables; consequently, a reduced number of them are used in the 

construction of the tree. RF and RTs have been widely used in ecological studies for their 

ability to handle missing values, outliers, complex interactions between explanatory 

variables, and their ease of implementation and interpretation (De’ath & Fabricius, 2000; 

Moisen, 2008). They have already been used for hydrological purposes as well (J. Jones, 

1987; J. Jones & Connelly, 2002; Scherrer & Naef, 2003; Uchida, Tromp-van Meerveld, & 

McDonnell, 2005; Wilson & Smart, 1984). 

Random forest (RF) and regression trees (RTs) techniques were used in this study, as follows. 

Random Forests can help to reduce the number of variables included in the building of a tree. 

RF is a combination of trees that is created independently (Breiman & Leo, 2001). The 

meteorological variables that define the split of the trees are randomly chosen. Then, a 

subsample of variables is determined in order to find the optimum split. As a consequence, 

RF rates the importance of each meteorological variable with the mean square error (MSE) 

and the node impurity percentage decreases when taking into account the variable. In this 

way, the most important meteorological variables that are related with IL can be chosen. 

After this, a RT is built. A regression tree repeatedly splits events into more homogeneous 

groups, using combinations of meteorological variables. Each group is characterized by a 

typical IL value, the number of observations, and the values of the meteorological variables 

that define the group. The resulting tree could have too many splits with only a few 

observations per group, making interpretation cumbersome. Pruning (Moisen, 2008) is 

therefore applied to reduce the size of the tree to its optimum and to prevent overfitting. 

Evaluation of the tree, after the pruning, is performed by looking at its correlation coefficient 

for each split quantity. In this way, a sufficiently short tree can be selected. Finally, the tree is 

formed with the variables and thresholds that have a relationship with the interception loss 

process; thus, we can conceptualize the relations of the variables to IL with the interpretation 

of the tree. RF and RTs were coded in R x64 3.3.2 software using the “randomForest” and 

“rpart” packages. 
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Table 2.1. Meteorological variables included in this chapter 

Abbreviation Variable description Unit 

P Accumulated precipitation during the event (mm) 

D Duration of rainfall event (min) 

Temp Mean temperature (°C) 

Tmax Maximum temperature (°C) 

Tmin Minimum temperature (°C) 

RH Relative humidity (%) 

SR Solar radiation (W/m2) 

SWnet Shortwave net radiation (W/m2) 

LWnet Longwave net radiation (W/m2) 

Rn Net radiation (W/m2) 

u2 Wind speed (m/s) 

WI Weighted mean intensity (Baloutsos et al., 2009) (mm/h) 

WS Weighted wind speed (Baloutsos et al., 2009) (m/s) 

WC Initial water content (%) 

MI Maximum intensity (mm/h) 

ETo Potential evapotranspiration (mm) 

ETo/P Relative potential evapotranspiration (-) 

 

2.2.5 Estimation of interception loss from meteorological variables 

Finally, to estimate interception loss from the variables that influence its process, a multiple 

linear regression was conducted along with the verification of the normal distribution of the 

residuals and the homogeneity of the variance. The coefficient of determination and residual 

square error from the regression give an idea of the goodness of fit of the regression; while 

the verifications of normality and variance homogeneity assure that the regression is 

applicable to the data. However, to verify whether the model is likely to be generalizable to 

other datasets, k-fold cross validation was applied (Cramer, Bunce, Patterson, & Frank, 1988; 

Krstajic, Buturovic, Leahy, & Thomas, 2014). It was chosen over the common split-sample 

validation method (where all events would have been split in 70 % for fitting of the model 

and 30 % for validation) in order to make use of all the events during the fitting of the 
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regression. As recommended in Hastie, Tibshirani, & Friedman (2010), k should be equal to 

10; and therefore, a 10-fold cross validation was selected. It consists in partitioning of all the 

events into 10 mutually disjoint groups chosen randomly that leave aside N/10 events (where 

N is the total number of events). Then, the multiple linear fit is applied to nine groups and 

predicted values are computed for the 10
th

 group. After repeating this for 10 times, each event 

has an IL prediction value. Then a coefficient of determination is calculated from predicted 

and observed values giving an idea of how well the model will perform on an independent 

data-set. This was coded in R software with the stats and bootstrap package. 

2.3 Results and discussion 

2.3.1 Effective rainfall and interception loss calculated with a disdrometer vs. 

a raingauge 

Events were chosen from the disdrometer records (as depicted in 2.2.1) leading to 311 events 

over a period of around four years. The results corresponding to the effective rainfall and 

cumulative precipitation are presented in Figure 2.2. There is a clear division of linear trends 

in the observations since small events (P < 1.7 mm) have an almost flat slope and larger 

events have an 87 % slope. This bilinear model has been found in the literature too (Klaassen, 

Bosveld, & de Water, 1998; Leyton, Reynold, & Thompson, 1967; Rutter et al., 1971). 

According to our observations, the canopy storage capacity (S) of the tussock grass is 2 mm, 

which is higher than previous reports on other short vegetation types (Table 2.2). Vegetation 

types discussed in Table 2.2 include tussock grasses and shrubs; however, S depends on 

several factors like canopy leaves surface area and roughness, which might be different for 

the calamagrostis instermedia tussock grass than for the stipa tenacissima tussock grass 

studied by Domingo, Sánchez, Moro, Brenner, & Puigdefábregas (1998), the snow tussock 

grass studied by Campbell & Murray (1990), and definitely different for grasses studied in 

Crouse, Corbett, & Seegrist (1966).  During small events effective rainfall is almost 

negligible (Figure 2.2a). 

For the raingauge data, 1000 events were selected and their duration (3 vs 9 hours on 

average), effective rainfall quantities (0.6 vs 0.9 mm on average) and P volume (1.4 vs 2.2 

mm on average) were different from those selected with the disdrometer. Many more events 

were selected with the raingauge than with the disdrometer, due to its inability to capture 

horizontal precipitation and drizzle between events; therefore, more dry periods are assumed 
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and thus more events chosen as independent. ER versus P calculated from a raingauge shows 

no separation from small and large events (Figure 2.2b). The regression line with all events 

where effective rainfall occurred has a 68 % slope and an intercept of -0.5 mm which is 

different from the regression found with the disdrometer records. Consequently, S calculated 

with these events was different too (1.65 mm). Although both regressions show a coefficient 

of determination of 0.8, the residual sum of squares (RSS) reveals more dispersion on the 

events calculated from the raingauge records. Additionally, when the event starts and/or ends 

with drizzle (P equal or less than 0.1 mm, typical for the páramo) only the disdrometer counts 

them as part of the event, making it longer; this also enables the tussock leaves to get dry 

during the event. As a consequence, several disdrometer events lasted more than raingauge 

events and the cumulative precipitation was higher (Figure 2.2c). 

Figure 2.2d shows P, ER, and IL boxplots in which it is evident that the disdrometer records 

on average reveal: (i) more precipitation by taking into account drizzle, as stated in Padrón et 

al. (2015); (ii) more effective rainfall by taking into account a higher soil water storage when 

events last longer; and consequently (iii) more interception loss. In fact, the mean P, ER, and 

IL calculated from the disdrometer are 57 %, 52 %, and 60 % higher than the mean P, ER, 

and IL derived from the raingauge data. 
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Figure 2.2. Effective rainfall (ER) vs. cumulative precipitation (P) calculated from: a) the 

disdrometer and b) the raingauge; where RSS corresponds to the residual sum of squares and 

R
2
 to the coefficient of determination. c) Event duration vs. cumulative precipitation from 

events selected with the disdrometer and raingauge. d) P, ER and interception loss (IL) box 

plots calculated from the disdrometer and raingauge records. 

 

In conclusion, evidence is presented that a disdrometer, using the methodology suggested in 

this study, enables a more accurate calculation of effective rainfall and interception loss. 

2.3.2 Quantification of interception loss 

Interception loss calculated for each event selected from the disdrometer records is plotted in 

Figure 2.3a as a percentage of the cumulative precipitation. Dispersion of the events is 



Chapter 2 

20 

obvious at first sight and clearer than in the ER-P graph shown in Figure 2.2a. The pattern 

and dispersion of the relative IL described in this study has been found in the literature for 

forest (Bruijnzeel, 2000; Llorens, Poch, Latron, & Gallart, 1997; Q Xiao et al., 2000) as well 

as for grasslands (Table 2.2 reference numbers 2, 4 and 6). Dispersion is partly attributed to 

the measurement errors of the instruments. Uncertainty from the precipitation and soil water 

storage measurements can be considered small. Lanzinger, Theel, & Windolph (2006) and 

Padrón et al. (2015) have shown very good performance of the disdrometer for low rainfall 

intensities as at our site; and the WCR sensors have been calibrated for the Andosols at the 

study site, decreasing their uncertainty measurement (Figure 2.1). 

In small events (empty circles in Figure 2.3a), vegetation intercepts more than 80 % of the 

total precipitation. Small events have cumulative precipitation less than the canopy storage 

capacity (2 mm), which can be entirely retained by tussock grasslands; thus canopy drip is 

limited and evaporation follows. In total, around 80 events were fully intercepted (black 

crosses in Figure 2.3a). On larger events (filled circles in Figure 2.3a), the canopy only 

captures a small proportion of rainfall; consequently, the percentage of interception decreases 

from 100 to 10% as the amount of precipitation increases. Relative IL values for tussock 

grasses were found equal to values found by Campbell & Murray (1990) for snow tussock 

grasses and higher than other estimations for short vegetation sites (Table 2.2). Most of those 

studies found percentages of IL up to 40 % and as low as 5 %. Reasons for this discrepancy 

include vegetation characteristics and site climatic conditions (e.g. precipitation intensity). 

Most of the study sites have shorter stature grasses, partial coverage with bare soil, and are 

located at low altitudes, all of which contrast sharply with the conditions at our site. Indeed, 

in our study area, rainfall characteristics (low cumulative precipitation, low intensity, and low 

duration) favours interception loss. Hence the importance of calculating this variable for the 

páramo. 

2.3.3 Relationship between interception loss and meteorological variables 

Random forest algorithm results show that the six most important variables affecting the IL 

process are, in order of importance: the cumulative precipitation during the event, the 

maximum intensity during the event, the mean arithmetic intensity eighteen hours prior to the 

event, the cumulative precipitation of the eighteen hours prior to the event, the mean wind 

speed during the event, and the mean arithmetic intensity during the event (Figure 2.4). 

Importance is rated in accordance to the mean square error and the node impurity percentage 
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decrease when taking into account the variable noted. The rest of the variables not shown in 

Figure 2.4 had values of MSE and node impurity reductions of almost zero. 

 

Figure 2.3. a) Interception loss relative to cumulative precipitation (IL/P) calculated from the 

disdrometer and WCRs observations and b) IL/P estimated from the multiple linear 

regression expressed in equation 1.4 (red dots). 

 

 

Figure 2.4. The most important variables in the IL process according to the RF algorithm 

have the highest reduction in the mean square error (MSE) and the highest reduction in the 

node impurity presented as percentages. The variables are cumulative precipitation 

(Prcpacum), maximum rainfall intensity (MI), mean rainfall intensity in the eighteen hours 

before the event (WI18), cumulative precipitation eighteen hours before the event (Pacum18), 

weighted wind speed (WS), and weighted mean rainfall intensity (WI). 
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A regression tree was built and pruned afterwards. The splits were formed only with the 

following variables: the cumulative precipitation during rain events, the cumulative 

precipitation of the eighteen hours prior to the events, and the maximum intensity during the 

events (Figure 2.5). The r-square error of the tree with five splits is 0.8 and with four splits is 

0.7; therefore, a tree with five splits was preferred. The first split is coherent with Figure 2.2a 

and Figure 2.3a, where there is a clear difference between small and large events. The second 

split to the left divides the small events in two groups by their cumulative precipitation. 

While it is not as evident as the previous split, a careful examination of Figure 2.2a shows 

that almost all the events below the P = 0.6 mm threshold have zero effective rainfall. The 

third split is formed by the cumulative precipitation variable with a threshold of 3 mm. In 

Figure 2.2a, there is less dispersion of the events when P is less than 3 mm; thus, probably the 

tree is separating the events up to 3 mm that have a more linear relationship between IL and 

P. From the fourth split on, IL is related with other variables rather than P. The fourth split 

divides the events according to the cumulative precipitation of the eighteen hours before the 

event. The right side in which that variable is lower than 25 mm has a higher IL mean. This 

suggests that when there is less precipitation eighteen hours before the event, interception 

loss is higher. The last split includes the maximum rainfall intensity (MI) suggesting that 

there is more interception loss when maximum intensity is lower, which is explicable since 

lower intensity allows more canopy interception, less dripping, and therefore higher IL. This 

statement is based on a split that results in eight events on the left branch which represents 

only 3 % of the total events since paramo is a region characterized by low rainfall intensities. 

Therefore, at our site MI is not influencing IL for common rainfall intensities. However, 

Domingo et al. (1998) found this relationship between IL and MI to be strong in their tussock 

grasses and shrubs site under a precipitation regime with higher rainfall intensities (2-16 

m/h). In summary, it is no surprise that IL is mainly related with P; but it is interesting that 

other meteorological variables are not influencing this process. 

2.3.4 Estimation of interception loss 

Multiple linear regression was performed for estimating interception loss with all the 

available variables described in section 1.2.4 but only for precipitation events between 1.7 

and 8.5 mm. This decision was made after demonstrating that P is the variable that relates 

best to IL (section 3.3) and the evident linearity of ER vs. P when 1.7 < P < 8.5 mm as shown 

in Figure 2.2a. We found that the linear regression with the least residual standard error (RSE 
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= 0.67 mm) and the highest coefficient of determination (R
2
 = 0.9) was a function of 

cumulative precipitation and relative humidity (RH) (equation 1.4). 

    (1.4) 

 

 

Figure 2.5. Regression tree for interception loss. In each node: IL mean, number of items in 

the node, and percentage of data included in the node. Each split is determined by a variable 

with its threshold. 

 

The second best multiple linear regression was a function of P and Ws (wind speed) but the 

R
2
 dropped to 0.85 and the RSE increased 35 %; thus the first regression was preferred. 

Regression residuals were checked for normal distribution and homogeneity of the variance. 

Interception loss variance is explained in 90 % by the cumulative precipitation (P) and the 

relative humidity (RH). Although, RH only explains 10 % of the variance, if it had not been 

taken into account, the coefficient of determination would have dropped to 0.8 and the RSE 

increased 40 %. To test the multiple linear regression model in terms of its generality, a 10-

fold cross validation was performed obtaining a correlation coefficient of 0.99 meaning that 

the model can definitely be used with other datasets. 

It is important to note that RH comes as a new variable for estimating IL in the multiple 

linear regression. However, when running the RF and the RTs, RH was not present (see 

section 3.3). The RF was found with all events while the multiple linear regression was 

performed only with events where 1.7 < P < 8.5 mm. To verify if this is the only reason for 

the discrepancy, a RF with the large events was performed, and RH appeared in the first six 
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variables according to its importance. However, it was preferred to take into account all the 

events when performing RF and RTs for a review of the non-linear relations of the variables 

with IL. 

IL estimates from the regression calculated as a percentage of P were plotted together with IL 

estimates from field measurements in Figure 2.3b. As mentioned, values were estimated 

when the cumulative precipitation was higher than 1.7 mm. For values of P below this 

threshold, interception can be estimated as 90 % of P. The 95 % confidence interval of the 

regression model is shown in Figure 2.3b, meaning that 95 % of the time IL mean will fall 

inside the plotted grey range. Also, it is relevant to note that power functions have been used 

to estimate relative IL (Genxu et al., 2012) with success (R
2 

= 0.9) for grasslands; however, 

for this study such functions only had a coefficient of determination smaller than 0.5. 

Table 2.2. Bibliographical revision of studies reporting interception loss estimations for short 

vegetation around the world: Interception loss relative to cumulative precipitation (IL / P), 

canopy storage capacity (S), and positive (+) or negative (-) relations between interception 

loss and meteorological variables. “No cor” corresponds to no correlation of the variable to 

IL. 

Reference 
IL/P 

(%) 

S    

(mm) 

P 

(mm) 

RH 

(%) 

D   

(h) 

Ws 

(m/s) 

WI 

(mm/h) 

Vegetation 

coverage 

(%) 

1.(Ochoa-Sánchez, 

Crespo, & Célleri, 2018) 

10-100 2 + + No 

cor 

No cor No cor  

2. (Genxu et al., 2012) 5-20  +  +  + + 

3. (Baloutsos et al., 

2009) 

26-40  +  + + No cor  

4. (Domingo et al., 1998) 20-40 0.25-0.75 +      

5. (Lockwood & Sellers, 

1982) 

     No cor  + 

6. (Campbell & Murray, 

1990) 

10-100 0.6-0.7 +      

7. (Crouse et al., 1966) 30 0.127 +     + 

8. (Beard, 1956) 10  +    -  

 

Table 2.2 shows a bibliographic review of studies conducted on short vegetation (most of 

them on grasslands), in which relationships were derived between interception loss and other 

variables, similar as those included in this study. Most of them include a positive relationship 

with cumulative precipitation, as in our study. Some studies found that when the percentage 

of vegetation coverage increases, more water is lost by interception (in this study vegetation 
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coverage was 100 % since no bare soil was found in the study site). Furthermore, our 

investigation showed that relative humidity was linearly related to IL. Duration has been 

found important in some studies mentioned in Table 2.2, but when this variable was included 

with P in the multiple linear regression in our study, the coefficient of determination did not 

increase, even though the variable was highly significant. For our events, similar values of 

precipitation were indistinctly accumulated during short and long events (Figure 2.2d). Wind 

speed has been found important in grasses and forests (Lockwood & Sellers, 1982; Q Xiao et 

al., 2000), although it is clearly more important for tall vegetation and for sites where wind 

velocities exceed 5 m/s (Lockwood & Sellers, 1982), which is not the case in our study where 

wind speed can be up to 4.5 m/s but the average is around 3.6 m/s. 

2.4 Conclusions 

For the first time, this study quantified in páramo the rainfall interception loss using a four-

year time series of experimental field data. The main results of the IL study can be 

summarized as follows: 

1. Events selection from the disdrometer and from the raingauge led to ER versus P plots 

which allowed to conclude that drizzle in páramo ought to be taken into account to 

quantify precipitation, and therefore interception loss more accurately. Also, the 

disdrometer-based plot enabled to determine the canopy storage capacity of tussock 

grasslands (S = 2 mm). 

2. Interception loss expressed as a percentage of the cumulative precipitation per event 

(relative interception) was clearly different for small and large events. For small events, 

relative interception was always higher than 80 % of P, and even 100 % for the two-thirds 

of those events. For larger events relative interception decreased to 10 % of P. 

3. Although low cumulative precipitation, low intensity, and low duration favour 

interception loss in the páramo, no clear relationships with meteorological variables were 

found when using random forests and regression trees. For all the events, only cumulative 

precipitation was found to be important. However, a multiple linear regression equation 

(R
2
 = 0.9) was identified to estimate IL as a function of P and relative humidity, which is 

valid for events when 1.7 < P < 8.5 mm. 

4. In the first study of IL in páramo, high percentages of IL related to P were found, 

showing that this process plays an important role. These findings are a stepping stone 
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towards modelling of the water resources since the variables and parameters used by the 

majority of hydrological models were quantified in this study.
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3. Quantification of transpiration 

The amount of water consumed through transpiration and lost through evaporation differs 

from one ecosystem to another. Transpiration is usually associated with plant growth and it 

affects land-atmosphere patterns. Its quantification and contribution to the evapotranspiration 

process of páramo were investigated in this chapter. Transpiration rates of tussock grasslands 

were on average 1.5 mm/day (range 0.7 – 2.7 mm/day) and it was found that interception 

contributes more to evapotranspiration than transpiration. This finding sets a precedent 

towards a better understanding of the evapotranspiration process of the páramo and will 

ultimately lead to a better hydrological and climate modelling. 
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3.1 Introduction 

An important step towards the understanding on the ETa process is the quantification of each 

of its components (Savenije, 2004). The components of ETa include evaporation from soil, 

evaporation from water intercepted by vegetation, and transpiration. The contribution of its 

components is important, depend on how vegetation processes energy and water (Saleska, 

2003), and yet unclear at some sites around the world. 

In agriculture practices, transpiration is usually associated with plant growth while 

evaporation is seen as an undesirable component, since water lost to the atmosphere does not 

directly contribute to production (Agam et al., 2012; Kool et al., 2014; Van Halsema & 

Vincent, 2012). For climate change concerns, the influence of the evapotranspiration 

components on land-atmosphere patterns are important to investigate since they affect global 

climate simulations (Lawrence, Thornton, Oleson, & Bonan, 2007). Transpiration has been 

linked with increased carbon uptake and with variation of the temperature and moisture in the 

atmosphere. Studies have recorded a cooling of the atmosphere with increasing transpiration; 

while others claim that higher transpiration reduces soil moisture and albedo which increases 

surface temperature (Kool et al., 2014; Penuelas, Rutishauser, & Filella, 2009). 

Transpiration accounts for about 64% of global terrestrial ET according to Good, Noone, & 

Bowen (2015). The amount of water consumed through transpiration and lost through 

evaporation differs from one ecosystem to another; hence, more knowledge is needed on the 

soil, vegetation and microclimate characteristics in order to determine transpiration and 

evaporation rates at regional and local scales. 

Regarding the ETa components of natural páramos, interception loss was quantified in 

Chapter 2 and soil evaporation can be neglected due to scarce bare soil conditions. 

Transpiration, the remaining component of ETa, has not been quantified before and, thus no 

information exists regarding its contribution to the evapotranspiration process. This chapter 

contributes to the quantification of transpiration and offers insight on the contribution of 

transpiration to the evapotranspiration process. 
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3.2 Materials and methods 

3.2.1 Data 

Three-year time series of precipitation and soil water content were available at 5-minute 

temporal resolution. Precipitation was recorded with a disdrometer of the brand Thies Clima 

Laser Precipitation Monitor 5.4110.00.000V2.4x STD (LPM), measuring the size and falling 

velocity of drops, from which rainfall amounts are derived with a resolution of 0.01 mm 

(evaluation of the Thies disdrometer can be found at Frasson et al. (2011)). Soil water content 

was measured with two CS616 water content reflectometers (WCRs) installed nearby the 

weather station at 10 cm soil depth, in a flat area, four meters apart from each other. Records 

by both reflectometers are independent in the absence of lateral flow. WCRs accuracy is 2.5 

% with standard calibration, while resolution and precision are better than 0.1 % (Campbell 

Scientific, 2012). The volumetric water content was calculated with the calibration curve 

depicted in equation 1.2. 

3.2.2 Quantification of transpiration 

During dry events, the soil volumetric water content (VWC) was used to quantify the amount 

of water transpired by vegetation. The VWC was obtained by averaging two WCRs time 

series located at the head of the hillslope of the monitoring supersite at Zhurucay (Figure 1.3) 

to avoid the effect downslope flow, if any. WCRs were located at a soil depth of 10 cm to 

capture root water uptake. The root system at the supersite was carefully characterized in ten 

soil pits along the hillslope, finding root depths up to 15 cm. The deeper WCRs available are 

located at 25 cm depth; however, their signal did not change during the events, and therefore 

it is assumed that the WCRs signal located at 10 cm depth are appropriate for the 

measurement of transpiration. Figure 3.1 shows clear steps in the VWC signal (10 cm depth) 

for a 6-days dry event. The VWC signal does not change during the night, therefore, no 

percolation, downslope or lateral flow occurs while during the day the VWC drops due to 

transpiration. 

The three-year precipitation time series (disdrometer observations) was used to find dry 

events in which the steps in the VWC signal were visible for at least one day. The amount of 

transpiration (in mm/event) corresponded to the daily change in VWC multiplied by the soil 

depth at which the WCRs were placed (100 mm). In some days, a slight increase in the VWC 

during early morning hours was visible (Figure 3.1). Since this water input was not detected 
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by the disdrometer it might correspond to dew and/or fog. Nevertheless, this small increase 

was considered in the computation of transpiration. Events with dew presence were marked 

when hourly air temperature was lower than dew temperature. Dew temperature was 

calculated using equation 2.1 (Jensen, Burmann, & Allen, 1990). 

     (2.1) 

where ea corresponds to the actual vapour pressure (equation 2.2) and Temp to air 

temperature. 

   (2.2) 

 

Figure 3.1. Example of the soil volumetric water content signal (VWC) during a 6-day dry 

event. Daylight hours are coloured in grey. 

3.3 Results and discussion 

Forty dry events, with zero-precipitation for more than one day, were used to quantify 

tussock grasslands transpiration. They are plotted against averaged observations of ETa for 

each event in Figure 3.2. Transpiration ranged from 0.7 to 2.7 mm/day with a mean of 1.5 

mm/day. Mean ETa was higher than the mean transpiration for the entire event. Events in 

which dew occurred (hourly air temperature was lower than dew temperature) are coloured in 

blue in Figure 3.2. Dew for different events lasted over a large range from 2 to 15 hours and 

occurred mainly during daylight hours (9 am – 5 pm). Figure 3.3 shows a dry event 
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commonly used to quantify transpiration. During dry periods, tussock grasslands transpired 

around 9 hours at daylight from 9 a.m. to 6 p.m. (VWC signal in Figure 3.3). 

 

Figure 3.2. Transpiration (Transp) against actual evapotranspiration (ETa) for zero-

precipitation events. Blue dots are events with dew, light blue dots are events without dew 

and white dots are events where dew temperature could not be calculated due to missing data. 

 

Similar tussock grasslands have shown comparable transpiration rates to the values found in 

this study. Campbell & Murray (1990) found rates between 0.55 and 3.32 mm/day in New 

Zealand and lower transpiration rates between 0.35 and 0.51 mm/day in Spain with wet soil 

conditions but lower Rn (Ramírez, Bellot, Domingo, & Blasco, 2007). ETa values remained 

almost always higher than transpiration values during the dry events of this study (Figure 

3.2). The probable causes are fog and/or dew retained in the canopy that eventually evaporate 

and that can be as high as 2 mm (Ochoa-Sánchez et al., 2018). Fog regimes influence canopy 

interception, foliar water uptake and evapotranspiration (Aparecido et al., 2018). On one 

hand, fog in combination with cloud cover and high relative humidity can inhibit 

transpiration (Buytaert, Cuesta-Camacho, & Tobon, 2011), but on the other hand, fog can be 

intercepted by vegetation and eventually evaporated, contributing to ETa. In addition, dew 

might also be contributing to evaporation. If dew reached the soil, it was taken into account in 

the calculation of transpiration, but the amount of dew captured by the canopy was recorded 

by the eddy-covariance tower but not recorded by the disdrometer. This situation is plausible 

at the páramo where fog and dew are common and long zero-precipitation periods rarely 

occur (Padrón et al., 2015). Furthermore, during dry periods, net radiation increased and 

evaporation of dew and fog was heightened. Quantification of fog is needed to provide a 

better understanding of the ETa process. It is common that in an event, like the one in Figure 
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3.3, the drop in the VWC signal lasts less hours than the increase in the ETa signal. As a 

consequence, transpiration lasts less hours than evapotranspiration. Thus, the aforementioned 

evaporation of fog and dew might be taking place, especially at the first hours of the morning. 

This highlights the more important contribution of evaporation to the ETa process, in 

comparison with the impact of transpiration. 

 

Figure 3.3. Dry event including the following variables: precipitation (P), soil volumetric 

water content (VWC), vapour pressure deficit (VPD), temperature (Temp), surface 

conductance (gs), aerodynamic conductance (ga), wind speed (u2), net radiation (Rn) and 

actual evapotranspiration (ETa). Shadow bars show daylight hours from 7 am to 7 pm. 

3.4 Conclusions 

Transpiration was quantified for the first time at the páramo. The contribution of transpiration 

and evaporation, separately, clarified questions that that were formulated in the first studies 

of this important biome, back in the nineties. 

This study found that transpiration rates of tussock grasslands were on average 1.5 mm/day 

(range 0.7 – 2.7 mm/day). During dry periods, it was expected that only transpiration occurs. 

However, during days without precipitation, dew or fog was present, primarily as a 

consequence of páramos humid climate. In consequence, vegetation retains the dew or fog 
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which evaporated afterwards. This evaporation, in addition to the higher evaporation after 

wet periods, explains the higher contribution of evaporation to the evapotranspiration 

process, rather than transpiration. 

Although more data is required in order to find the controls on the transpiration process, this 

study sets a precedent towards a better understanding of the hydrological processes at the 

páramo and, in consequence, improvements on hydrological and climate modelling. 

 

 



 



 

 

 

Chapter 4 

4. Quantification of actual 

evapotranspiration: comparison of 

measurement and estimation methods 

Actual evapotranspiration (ETa) explains the exchange of water and energy between soil, 

land surface and atmosphere, a continuous numerical variable difficult to measure directly. 

The objective of this study was to compare measurements and estimations of ETa in a 

mountain grassland ecosystem using different approaches. The study was conducted in the 

Zhurucay Ecohydrological Observatory, located in the high Andes of Ecuador between 3500 

and 3900 m a.s.l. The study area is a representative site of the páramo ecosystem, in which 

the vegetation mainly consists of tussock grass. ETa was measured or estimated using the 

following methods: eddy-covariance (EC), volumetric lysimeters (Lys), water balance (WB), 

energy balance (EB), the calibrated Penman-Monteith equation (PMCal), and two 

hydrological models (the Probability Distribution Model (PDM) and the Hydrologiska 

Byråns Vattenbalansavdelning model (HBV-light)). During the 1-year of analysis, 

precipitation (P) accumulated to 1094 mm while ETa (measured with EC) accumulated to 

622 mm (with ETa/P = 0.57). On a daily basis, the EC method measured average ETa rates of 

1.7 mm/day. The best daily estimates according to percentage bias (pbias), normalized root 

mean square error (nRMSE), Pearson’s correlation coefficient (r) and the volumetric 

coefficient (ve) came from the HBV-light model, followed by the PMCal and the PDM 

(pbias: -2 to -20 %, nRMSE: 12–15 %, r: 0.7–0.9, and ve: 0.7–0.8). On the other hand, the 

WB, EB, and Lys estimates showed a poor performance (pbias: -10 to -19 %, nRMSE: 25–93 

%, r: -0.4 to 0.5, and ve: -0.5 to 0.7). As the methods used in this study are of different types 

(hydrological, micrometeorological and analytical), their suitability and applications are 

discussed in terms of their costs, temporal resolution and accuracy. This study identifies low-

cost and easy-to-implement alternatives to EC measurements, such as hydrological models 

and the calibrated Penman-Monteith equation. It is evident that a correct assessment of the 

actual evapotranspiration will result in a more accurate analysis of the water balance of 

tussock grassland. 
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4.1 Introduction 

Actual evapotranspiration (ETa) is a major component of the hydrological cycle and one of 

the most important physical processes in natural ecosystems. It explains the exchange of 

water and energy between the soil, land surface and the atmosphere. An improved 

characterization of ETa is especially important for: (1) the modelling and management of 

water resources and related ecosystem services, which include provisioning, supporting, and 

regulating services; and (2) the assessment of the effect of global climate change. Climate 

change affects ETa rates, therefore soil moisture, vegetation productivity, the carbon cycle 

and water budgets might also be affected (Gu et al., 2008). Natural grasslands cover around 

26 % of the Earth’s ice-free land surface (Foley et al., 2011). They represent a widespread 

ecosystem that requires special attention, as processes such as interception or transpiration 

have traditionally been assumed to be low or even negligible while they could in fact 

constitute an important loss of water to the atmosphere (Ochoa-Sánchez et al., 2018). 

The most important ecosystem in the Andean region for water resources supply is the páramo 

and it is primarily covered by tussock grasslands (locally referred to as pajonal) (Hofstede et 

al., 2014). The Andean páramo extends from the North of Colombia (11°N) to the North of 

Peru (8°39’S), occupying around 36,000 km
2
. The páramo geomorphology includes wide 

valleys covered by wetlands that act as natural reservoirs. The flora of the páramo has 

attracted the attention of scientists owing to the high number of endemic species. The fauna is 

also important for its emblematic species (e.g. condor, spectacled bear, mountain tapir and 

puma). In addition, the sociological importance of the páramo lies in the millenary interaction 

between this ecosystem and its inhabitants. This lengthy occupation and the constant use of 

the páramo by nearby communities qualifies it as a socio-ecosystem (Hofstede et al., 2014). 

The ethnic diversity of the páramo highlands promotes a lively culture that is still in 

development. The páramo itself is especially important as it serves as a sponge that captures 

precipitation and releases water gradually to the surrounding areas (Llambí et al., 2012). This 

characteristic is vital during dry periods or extreme summers, when water that was retained 

during the wet periods in the highlands is gradually delivered to lowlands through runoff. The 

páramo is the primary water source for communities located nearby this ecosystem, which 

include major cities in Colombia, Ecuador, and Peru. This environment provides water that is 

intensively used for agriculture, rural and urban drinking water systems, hydro-power 

production, and for sustaining aquatic ecosystems. Consequently, the accurate closure of the 
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water balance is essential. While precipitation and discharge have been increasingly 

monitored in the páramo (Ochoa-Tocachi et al., 2018), the monitoring of ETa received 

considerably less attention and requires further assessment. 

Few studies have measured evapotranspiration in grasslands at high altitudes (Coners et al., 

2016; Gu et al., 2008; Knowles et al., 2015; van den Bergh et al., 2013). In the páramo, ETa 

has been recently measured using the eddy-covariance (EC) method (Carrillo-Rojas et al., 

2019). Although the EC method has proven to be a reliable technique, it is costly and still 

rarely available around the world. To our knowledge, twelve eddy-covariance towers are 

located in South America, among which only one is located in the páramo (Carrillo-Rojas et 

al., 2019; Fisher et al., 2009). This highlights the importance of finding alternative methods 

to quantify ETa. Weighing lysimeters have always been considered as a viable tool for 

measuring ETa, and as a possible alternative to the EC measurements (Coners et al., 2016). 

However, most of the studies focus on the use of weighing lysimeters (e.g. Rana & Katerji 

(2000) and Coners et al. (2016)) whose construction and operation is still costly. For that 

matter, some authors have constructed volumetric lysimeters as a low-cost alternative (e.g., 

Khan, Mainuddin, & Molla (1993) and Poss et al. (2004)). 

The estimation of ETa can represent an important alternative for agricultural or hydrological 

studies, for example when no measurement techniques are available due to their high cost, 

complex installation and/or intensive maintenance. ETa has therefore been estimated through 

several different methods, such as using the water balance, the energy balance, the Penman-

Monteith equation and hydrological models. Globally, the water balance has been used as a 

reference method to estimate ETa. However, the closure of the water balance involves the 

measurement of not only precipitation and discharge, but in some cases the measurement of 

other variables that are not easy to quantify, such as the change in soil moisture and 

groundwater recharge. The energy balance has been used to estimate ETa in the páramo, 

although those estimations were validated using estimations from the water balance (Carrillo-

Rojas, Silva, Córdova, Célleri, & Bendix, 2016). The potential evapotranspiration (ETo) was 

estimated in the páramo through the use of the Penman-Monteith equation (Córdova et al., 

2013, 2015), a simple method to estimate ETa using only meteorological data. However, 

these estimations have not yet been validated with ETa measurements. Finally, hydrological 

models are a valuable estimation tool, as they are usually feasible to implement. The 

Probability Distribution Model (PDM) and the Hydrologiska Byråns Vattenbalansavdelning 

model (HBV-light) were calibrated for páramo and have proven to be valid for runoff 
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estimation (Iniguez, Morales, Cisneros, Bauwens, & Wyseure, 2016; Sucozhañay & Célleri, 

2018). Although several efforts have led to ETa estimations, they seldom have been 

compared with actual measurements. 

Currently, little is known regarding which methods are suitable for accurately measuring or 

estimating ETa at high altitudes and, in a wider sense, studies have not compared ETa by 

simultaneously implementing several methods at the same site. This study therefore 

compared the EC measurements with low-cost volumetric lysimeters and hydrological, 

micrometeorological and analytical methods that estimate ETa (i.e. water and energy balance 

methods, the calibrated Penman-Monteith equation and two hydrological models: PDM and 

HBV-light). Furthermore, the study aimed to provide insights into the performance of the 

methods and information on the suitability of each method for similar grassland ecosystems 

around the globe. 

4.2 Materials and methods 

4.2.1 Methods for measuring and estimating actual evapotranspiration 

Rose & Sharma (1984) suggested that methods should be grouped as those that measure ETa 

and those that estimate ETa. In addition, methods may be classified as experimental and 

physically-based. Each method has been developed based on certain assumptions and to fulfil 

a different objective, therefore each depends on concepts from hydrology or 

micrometeorology. Among the methods used in this study, eddy-covariance and lysimeters 

measure ETa, while the water balance method, energy balance method, the hydrological 

models and the calibrated evapotranspiration equation estimate ETa. Volumetric lysimeters 

and the water balance method depend on hydrological concepts, while the energy balance and 

eddy-covariance methods are micrometeorological approaches. The calibrated 

evapotranspiration equation and the estimation through hydrological models can be grouped 

as analytical approaches. 

All methods have a different time and spatial resolution, as summarized in Table 4.1. In this 

study all methods were compared on a daily timescale over a period of one year (05/05/2017–

30/04/2018), which included comprehensive field campaigns, especially for the 

implementation of the eddy-covariance tower and the lysimeters 
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Table 4.1. Spatial and temporal resolution of the actual evapotranspiration measurement and 

estimation methods used in this study. 

Method Time resolution  Spatial resolution 

Eddy-covariance 30-min  100 – 130 m 

Volumetric lysimeter 7 days  Group of plants 

Water balance Daily  Micro-catchment 

Energy balance Hourly  Uniform area 

Hydrological models Daily  Micro-catchment 

Calibrated evapotranspiration equation Daily  Uniform area 

4.2.1.1 Eddy-covariance method (ETaEC) 

Water vapour and energy fluxes were measured by an EC tower from May 2017 to April 

2018. The EC site is a FLUXNET observatory (ID: EC-Apr). A photograph of the EC tower 

is shown in Figure 4.1. A LI-7200 enclosed-path infrared gas analyser (LI-COR, Lincoln, 

NE, USA) measured ETa fluxes at a sampling rate of 20 Hz, and the analyser used an 

insulated heated tube to avoid water condensation during sampling. Wind components and 

the sensible heat flux were measured using a three-dimensional sonic anemometer (Gill New 

WindMaster 3D, Gill Instruments, Hampshire, UK). Additional micrometeorological 

measurements were taken with slow sensors (with a 1 min sampling frequency) collecting net 

radiation data (Kipp & Zonen CNR4, Delft, Netherlands), air temperature and relative 

humidity levels (Vaisala HMP155, Helsinki, Finland), and soil heat fluxes (3 × Hukseflux 

HFP01, Delft, Netherlands; buried at 8 cm in the soil). The array of instruments was set up at 

a 3.6 m elevation, surveying the grassland fetch up to approximately 100-130 meters in the 

prevailing upwind direction of the flux source (northeast). The ET flux contributions 

developed from a homogeneous cover of tussock grassland with low orographic affectation 

(<10°). Detailed characteristics of this pioneering high Andean EC experiment have been 

described in Carrillo-Rojas et al. (2019). 

High-frequency sampling data (ETa and sensible heat) were 30-min block averaged using the 

EddyPro software (version 6.2.0, LI-COR, Lincoln, NE, USA). The raw data processing 

contemplated diagnostic flags, plausibility limits and spike removal. In addition, data quality 

assurance and quality control were performed, along with corrections for density fluctuations, 

time lags, wind planar fit, and high- and low-frequency spectral losses, following the 

recommendations of Mauder et al. (2013). 
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Figure 4.1. Eddy-covariance tower at the supersite in Zhurucay (3765 m a.s.l.). Photograph: 

Galo Carrillo-Rojas. 

Footprint assessment, based on the methodology of Kljun, Calanca, Rotach, & Schmid 

(2015), excluded less than 2 % of flux data related to unimportant sources in the area, and the 

EC energy balance closure amounted to 99 %. This outstanding closure of the energy balance 

is attributed to the smooth and homogeneous canopy of the native vegetation, the constant 

moist conditions and the particular location of our site (tropical latitude with low seasonality). 

Other tropical sites with high moisture environments have shown similar energy balance 

closures (Cabral, da Rocha, Gash, Freitas, & Ligo, 2015; Cabral et al., 2010). Advection-

affected fluxes were removed through the detection of data with low friction velocity (u*). 

This was performed using the Moving Point Test for the u* threshold detection (Papale et al., 

2006). Missing ET fluxes (scarce temporal gaps of <1 day), due to the u* filtering, power or 

instrumental failures, and low quality data amounted to 23 % of the total amount of 30-min 

data. This represents a good level of EC temporal coverage according to Falge et al. (2001). 

These data gaps were filled using the standard method used in FLUXNET, i.e. Marginal 

Distribution Sampling (MDS) (Reichstein et al., 2005). We selected such an approach due to 

its wide application at other EC sites and to maintain consistency with former and future 

studies. The MDS algorithm infilled the missing values with solar radiation, air temperature 

and vapour pressure as input variables. The uncertainty error induced by gap filling was 

assessed using a bootstrapping approach (resampling with replacement). A dataset of pseudo-

replicates was created. Here, the difference between the high (95 % quantile) and low (5 % 

quantile) threshold estimates of the bootstrapped uncertainty distribution corresponded to the 



Quantification of actual evapotranspiration 

41 

uncertainty level. A detailed description of the EC data processing and specific corrections 

can be found in Carrillo-Rojas et al. (2019). 

4.2.1.2 Lysimeters installation and methodology 

Four volumetric lysimeters were installed at the top of the hillslope at the supersite, as 

depicted in Figure 4.2a. Actual evapotranspiration (ETaLys) was calculated by closing the 

water balance for each lysimeter as shown in equation 3.1: 

    (3.1) 

where P corresponds to precipitation (in mm/7days), D corresponds to drainage (in 

mm/7days), and ΔS is the change in soil water storage (in mm/7days). The lysimeter 

illustration depicted in Figure 4.2b indicates the design and instrumentation used for the 

closure of the water balance. Lysimeters contain only the organic horizon and the bedrock is 

located immediately below the instruments. Precipitation was recorded with a laser 

disdrometer (Thies Clima Laser Precipitation Monitor 5.4110.00.000 V2.4× STD, with 0.01 

mm resolution). Changes in soil water storage were calculated from the difference between 

two water content reflectometers (WCRs) installed inside the lysimeters (CS655 Campbell 

Scientific WCRs). Changes in soil water tension and soil water potential were continuously 

checked with tensiometers (T8-UMS) and dielectric water potential sensors (MPS-2 

Decagon). Drainage was obtained by placing fiberglass wicks at the bottom of the lysimeters. 

The wicks acted as a hanging water column, drawing water from the undisturbed field soil 

without external application of suction (Boll, Steenhuis, & Selker, 1992). Lysimeters were 

sealed laterally and at the bottom, leaving only a central output in the base (2 cm in diameter) 

evacuating the drainage water in the wick sampler, located at the bottom of the volumetric 

lysimeter, via a flexible tube to a rain gauge (TE525MM, Texas, with 0.1 mm resolution). 

Tips recorded by the rain gauge were corrected for the real collection area, which 

corresponded to the lysimeter circular area. The daily water balance of the lysimeters 

frequently gave negative values of ETa. Values were therefore aggregated and a 7-day water 

balance was found to be sufficient to obtain only positive values of ETa. A weekly closure of 

the lysimeters’ water balance was therefore selected for this study. 
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Figure 4.2. a) Lysimeters installed at the study site before they were covered by soil and 

vegetation. Sensors shown are T8 tensiometers. b) Illustration of the lysimeter 

instrumentation (WCR = water content reflectometers, DWP = dielectric water potential 

sensors, T8 = tensiometers). Dimensions are shown in centimetres. Photograph: Galo 

Carrillo-Rojas. Illustration: Juan Pablo Córdova. 

4.2.1.3 Water balance method 

The water balance was closed for each of three microcatchments M1, M2 and M3 (Figure 

1.3) as outlined in equation 3.2: 

     (3.2) 

where P is precipitation (in mm/day), Q is discharge (in mm/day), and ΔS is the change in 

soil water storage (in mm/day). Precipitation for each microcatchment (M1 to M3) was 

calculated with Thiessen polygons (Jones & Hulme, 1996) from five rain gauges (4 ONSET 

and one Texas TE525MM). Discharge was registered by using V-notch weirs installed at the 

outlet of the microcatchments. The change in soil water storage was estimated via the daily 

difference in the storage calculated with soil moisture data from ten water content 

reflectometers (CS616 Campbell Scientific WCRs) located at five depths (10, 25, 35, 60 and 

70 cm) on the supersite hillslope (Figure 1.3). Daily storage was calculated by integrating the 

storage of the mineral and organic soil depths located at five hillslope topographic positions 

classified in Table 4.2. The total area for each catchment corresponds to only tussock 

grasslands vegetation coverage (87 % for M1, 82 % for M2, and 77 % for M3, see also Table 

1.1). The daily storage of catchment M1 at the toe slope position, for example, corresponds to 

1.87 % (calculated as: area percentage of the toe slope position  [(400  VWC) (i.e. the 

organic soil depth  the soil volumetric water content (VWC), which is here the average of 

the WCRs located at the toe slope position and at the organic soil depth) + (300 x VWC) (i.e. 

the mineral soil depth  soil volumetric water content (VWC), which is here the average of 
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the WCRs located at the toe slope position and at the mineral soil depth)]. All hillslope 

topographic positions were calculated in this manner and summarized, giving the daily 

storage of the M1 area. Microcatchments M1 to M3 differ mainly by their size. 

Table 4.2. Zhurucay microcatchments soil characteristics where vegetation cover 

corresponds to tussock grasslands. 

Hillslope 

topographic 

position 

Slope 

(%) 

Organic soil 

depth (mm) 

Mineral soil 

depth (mm) 

M1 

area 

(%) 

M2 

area 

(%) 

M3 

area 

(%) 

Toe slope 5–15 400 300 1.99 3.26 31.18 

Lower slope 15–32 300 300 1.87 1.49 0.16 

Middle slope 32–40 350 300 27.61 24.27 24.15 

Upper slope 
40–56 380 200 46.92 41.72 21.33 

>56 380 200 5.2 7.02 0.13 

Summit 1–5 335 310 3.41 4.26 0.04 

4.2.1.4 Energy balance method 

Actual evapotranspiration is equivalent to the latent heat flux variable (LE, in mm/hour), 

which is used in the Earth’s surface energy budget (Monson & Baldocchi, 2014). It is defined 

as the amount of energy necessary to transform liquid water into vapour, and corresponds to 

the amount of water that is evaporated or transpired from the Earth’s surface. Thus, actual 

evapotranspiration (ETaEB) can be calculated with the energy balance presented in equation 

3.3: 

    (3.3) 

where Rn is the net radiation (in mm/hour), G is the ground heat flux (in mm/hour) and H is 

the sensible heat flux (in mm/hour). 

Rn was measured immediately above the vegetation height at around 0.6 m, by averaging two 

net radiometers (CNR4 Kipp & Zonen) located on the hillslope of the Zhurucay supersite. In 

order to calculate G, two pairs of soil heat flux plates (HFP01SC Campbell Scientific) were 

located at 8 cm depth from the soil surface (one pair below each net radiometer). G was 

calculated as the average of the soil heat flux plates plus the heat storage estimation of 

(Mayocchi & Bristow, 1995). Therefore, each plate was installed together with a water 

content reflectometer (CS616 Campbell Scientific) and soil temperature probes (TCAV). H 

was estimated with the flux variance method detailed in Wesson, Katul, & Lai (2001), in 
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order to calculate it from available meteorological variables without including any complex 

or uncommon methods such as the eddy-covariance method. The flux variance method 

calculates H with the following input variables measured by the meteorological station: mean 

air temperature T (CS-2150 Campbell Scientific), mean wind speed u2 (Met-One 034B 

Windset anemometer), and net radiation Rn (CNR4 Kipp & Zonen). Since the flux variance 

method uses different equations for calculating H during day-time and night-time hours, we 

chose an hourly timestep for the energy balance method. 

4.2.1.5 Potential evapotranspiration equation calibrated with eddy-covariance 

measurements 

The American Society of Civil Engineers (ASCE) through its Water Resources Institute 

Technical Committee (ASCE-ET) selected the alfalfa-basis model ASCE Penman-Monteith 

equation (ASCE-PM) for standardization of the potential evapotranspiration estimation 

(Walter et al., 2000). Equation 3.4 presents the ASCE-PM equation in its reduced form, 

including Cn and Cd, which represent the numerator and denominator parameters that change 

with vegetation reference type and calculation time-step. These parameters were calibrated in 

this study for the páramo vegetation at a daily timescale. The calibration procedure compared 

two-year daily data (01/05/2016–30/04/2018) from the eddy-covariance measurements with 

the corresponding values of actual evapotranspiration estimated with the ASCE-PM 

calibrated equation (ETaPMCal). The parameters Cn and Cd vary over the ranges 0–1000 and 

0.25–1, respectively. The best values of the parameters were found by randomly creating 

5000 values for each parameter inside the given ranges. The values with the lowest bias, the 

lowest normalized root mean square error (nRMSE) and the highest Pearson’s correlation 

coefficient (r) were then selected. The 10-fold cross-validation method was then used to 

prove whether the equation could be used with a different dataset. The method was 

implemented by partitioning the total number of ETa values (368) into ten groups. As 368 

divided by 10 does not give an integer result, nine groups had 36 values and the last group 

had 44 values. The function (equation 3.4) was then applied ten times and one group was left 

out for fitting at each iteration. The fitted values were compared with the observed values 

using the coefficient of determination (R
2
). 

When equation 3.4 is used with Cn = 900 and Cd = 0.34, the result gives the Penman-

Monteith potential evapotranspiration (ETo), which was also calculated for the period of this 
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study in order to provide the estimates of evapotranspiration when plenty of water is available 

in the soil: 

   (3.4) 

where Rn is the net radiation (in MJ/m
2
/day), G is the soil heat flux density (in MJ/m

2
/day) 

(which tends to be zero after 24 hours), T is the mean air temperature at 2 m elevation (in 

°C), ɤ is the psychrometric constant (in kPa/°C), u2 is the mean wind speed at 2 m elevation 

(in m/s), es is the saturation vapour pressure at 2 m elevation (in kPa), ea is the mean actual 

vapour pressure at 2 m elevation (in kPa), and Δ is the slope of the saturation vapour 

pressure-temperature curve (in kPa/°C). 

4.2.1.6 Hydrological models 

The hydrological models PDM and HBV-light were run for the M1 microcatchment (Figure 

1.3). The M1 microcatchment is the most similar to the EC footprint compared to the M2 or 

M3 microcatchments, in terms of the altitude, soil type distribution and vegetation coverage. 

The following input variables were measured at the Zhurucay meteorological station: daily 

precipitation P (calculated with Thiessen polygons from five rain gauges: 4 ONSET and one 

Texas TE525MM, Figure 1.3), daily potential evapotranspiration ETo (see section 4.2.1.5), 

and daily mean air temperature T (CS-2150 Campbell Scientific). 

The probability distribution model (PDM) (Moore, 1985; Moore & Clarke, 1981) was 

calibrated at a nearby catchment (approx. 2 km from the Zhurucay supersite) and proved to 

work well for estimating slow flows and evapotranspiration. Thus, the parameters calibrated 

and validated by Iniguez et al. (2016) were used to estimate actual evapotranspiration during 

the period of this study. The PDM model was implemented within a MATLAB toolbox using 

the options of calculating the actual evapotranspiration ETaPDM as a function of the potential 

evaporation and the soil moisture deficit (Smax-S(t)) by Wagener et al. (2001), as in equation 

3.5: 

    (3.5) 

The Hydrologiska Byråns Vattenbalansavdelning model, in its HBV-light version, is a semi-

distributed model (Bergström, 1976), which was calibrated and validated at Zhurucay 

(Sucozhañay & Célleri, 2018). The HBV-light was run at the M1 microcatchment with the 
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same parameterization. Actual evapotranspiration from the soil box equals the potential 

evaporation if the current soil water storage (S(t)) over the maximum soil water storage (Smax) 

is above the parameter threshold for reduction of evaporation (PLP) multiplied by the Smax, 

while a linear reduction is used when S(t) over Smax is below this value (Seibert & Vis, 2012) 

(equation 3.6): 

    (3.6) 

4.2.2 Comparison of actual evapotranspiration measurements and estimates 

Eddy-covariance and lysimeters both measure actual evapotranspiration. They were therefore 

considered as the references to which the estimation methods should be compared. However, 

the volumetric lysimeters used in this study have a lower temporal resolution than the eddy-

covariance method (7-days compared to 30 min), and the eddy-covariance measurements 

were therefore preferred for the comparison in order to analyse all the methods on a daily 

basis. To analyse the lysimeter performance, the EC measurements were aggregated to 7 

days. 

First, daily averages of ETaEC for each month were examined together with precipitation data 

in order to characterize ETa seasonally. The daily comparison between methodologies was 

assessed by accumulating the measurements and estimates during one year, then plotting 

daily ETa boxplots of the measurements and estimates, and calculating daily statistics such as 

the bias percentage (pbias), the normalized root mean square error (nRMSE), Pearson’s 

correlation coefficient (r), the volumetric efficiency (ve), and the coefficient of determination 

(R
2
). Finally, daily differences between the different methods and the EC measurements were 

plotted. 

The bias percentage (equation 3.7) measures the average tendency of the daily ETa 

estimations (sim) to be larger or smaller than the daily EC measurements (obs). It should be 

taken with caution as it compensates over-estimations with under-estimations at the end of 

the year. RMSE is commonly used for model performance applications to calculate positive 

errors. However, the RMSE is sensitive to outliers and extreme values as deviations are 

squared. The nRMSE (equation 3.8) was therefore used instead. The Pearson’s correlation 

coefficient (equation 3.9) was calculated to measure the linear correlation between estimates 

and measurements, however it is sensitive to outliers. To overcome the problem with the 

compensation of over- and under- estimations and the sensitivity to outliers and extreme 
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values, the ve was also selected (equation 3.10). The ve has been proposed as an alternative 

to the Nash-Sutcliffe Efficiency and has been suggested to be complementary to other 

metrics, with the advantage that it eliminates the squaring of the deviations (Criss & Winston, 

2008). The values of ve range from 0 to 1 and represent the fraction of water delivered at the 

proper time. In addition, the coefficient of determination R
2
 (equation 3.11) was chosen to 

estimate the proportion of the variance in the ETa measurements that can be predicted from 

the ETa estimates. All metrics were computed with the hydroGOF package of R, version 

3.5.1: 

     (3.7) 

    (3.8) 

      (3.9) 

     (3.10) 

      (3.11) 

where n is the total number of daily ETa values, sim is the corresponding daily ETa estimate 

from each method, obs is the ETaEC measurement, obsmax is the maximum ETaEC value, 

obsmin is the minimum ETaEC value, cov is the covariance between daily ETa measurements 

and estimates, and σ is the variance. 

Furthermore, in order to discuss the performance of each method, the following approaches 

were taken: 

 Lysimeters: the cumulative ETa for each lysimeter was plotted together with the change 

in storage; 

 Water balance: ETaWB for each catchment (M1 to M3), with and without the ΔS term, 

were compared with EC measurements; 

 Energy balance: each term of the balance equation was compared with the terms 

measured by the eddy-covariance method; 
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 Hydrological models: the soil water storage calculated by each model was compared with 

WCRs observations at the Zhurucay supersite, in terms of the variations throughout the 

year. 

4.3 Results 

4.3.1 Measuring daily actual evapotranspiration with the eddy-covariance 

method 

 

Figure 4.3. Daily actual evapotranspiration measured with the eddy-covariance method 

(ETaEC in mm/day) shown for every month together with the median potential 

evapotranspiration (ETo in mm/day) estimated with the Penman-Monteith equation and 

median net radiation (Rn in mm/day). Additionally, monthly precipitation (P in mm/month), 

soil volumetric water content (VWC), and relative humidity (RH in percentage) are shown. 

 

Eddy-covariance measurements of daily actual evapotranspiration are shown for every month 

from May 2017 to April 2018 in Figure 4.3. The daily ETa varied little throughout the year, 
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with a minimum median of 1.3 mm/day in July and a maximum median of 2.0 mm/day in 

February. The minimum ETa value was 0.3 mm/day and the maximum value was 4.0 

mm/day. The mean ETa for the entire year was 1.7 mm/day. ETaEC boxplots, in Figure 4.3, 

show a higher variance for July, September, October, November, January and February. 

Variables that are important for the evapotranspiration process, such as net radiation, 

precipitation, volumetric soil water content, potential evapotranspiration and relative 

humidity, are also shown in Figure 4.3. The ETa distribution, median ETo and median Rn 

were plotted together, showing a similar variability throughout the year. The ETa was on 

average 13 % lower than the daily ETo. 

4.3.2 Comparison of methods for the estimation and measurement of actual 

evapotranspiration 

Cumulative values of daily actual evapotranspiration (for every method), daily potential 

evapotranspiration and daily precipitation are shown in Figure 4.4. The ETaEC measurements 

amounted to 622 mm at the end of one year, while cumulative precipitation was 1094 mm. In 

general, all methods except the calibrated evapotranspiration equation underestimated ETa 

throughout the year. At the end of the year, the calibrated evapotranspiration equation, water 

balance, and lysimeters were the most accurate in estimating annual ETa (with a 3-10 % 

underestimation), while the other methods underestimated annual ETa by around 20 %. The 

EC and the PMCal methods found an ETa/P value equal to 0.57, while the other methods 

found an ETa/P value equal to 0.5. This indicates that a little more than a half of the 

precipitation returns to the atmosphere by evaporation and transpiration. Similarly, the EC 

and PMCal methods found that the ETa/Rn evaporative fraction was equal to 0.48, while the 

other methods underestimated this value (the lysimeters and water balance method found 

ETa/Rn = 0.44, while the hydrological models and the energy balance method found ETa/Rn 

= 0.40). This indicates that almost half of the energy available at the surface was used for 

evaporation and transpiration. 

Daily measurements of actual evapotranspiration by the EC method are shown in Figure 4.5 

as a boxplot for the entire year. Boxplots of daily ETa estimates from the hydrological 

models (HBV-light and PDM), water and energy balance methods, and the PMCal equation 

are also shown. The hydrological models and the PMCal were the most similar to the EC 

measurements distribution. The energy balance estimates had a very similar median to the EC 

measurements but the variance was much higher. The water balance estimates were the least 
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similar to the EC measurements out of all methods, with a lower median and a very different 

distribution. These results were corroborated with the bias percentage (pbias), the normalized 

root mean square error (nRMSE), the Pearson’s correlation coefficient (r), the volumetric 

efficiency (ve), and the coefficient of determination (R
2
), which are shown for all methods in 

Table 4.3. The bias percentage of all the methods in comparison with the EC measurements 

were, from lowest to highest: -3 % for the calibrated evapotranspiration equation (PMCal), -

10 % for the lysimeters, -10 % for the water balance method, -18 % for the PDM model, -19 

% for the energy balance, and -20 % for the HBV-light model. Regarding error and 

correlation, the hydrological models and the PMCal presented, on a daily basis, the best 

performance with the lowest error (12–15 %), the highest correlation (r = 0.7–0.9 and R
2
 = 

0.5–0.8), and the highest efficiency in estimating the water volume (ve = 0.8). 

 

Figure 4.4. Cumulative daily actual evapotranspiration measured by the eddy-covariance 

(EC) and lysimeters and estimated by the PDM and HBV-light hydrological models, the 

water balance (WB) and energy balance (EB) methods, the calibrated evapotranspiration 

equation (PMCal), and the potential evapotranspiration (ETo). Cumulative precipitation (P) is 

also shown. 
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Figure 4.5. Daily actual evapotranspiration measured by the eddy-covariance method (EC) 

and estimated by the HBV-light and PDM models, the calibrated evapotranspiration equation 

(PMCal), the energy balance (EB) and the water balance methods (WB). 

 

Table 4.3. Bias percentage (pbias), normalized root mean square error (nRMSE), Pearson’s 

correlation coefficient (r), volumetric efficiency (ve), and coefficient of determination (R
2
) 

for the actual evapotranspiration estimated with the HBV-light and PDM models, the 

calibrated evapotranspiration equation (PMCal), the lysimeters (Lys), the energy balance 

(EB), and water balance (WB) methods against the eddy-covariance measurements. 

Method pbias (%) nRMSE (%) r (-) ve (-) R
2 

(-) 

HBV-light -19.70 12.00 0.88 0.78 0.77 

PMCal -2.40 14.90 0.66 0.78 0.45 

PDM -17.90 14.80 0.72 0.75 0.52 

Lys* -10.00 24.60 0.45 0.72 0.20 

EB -18.90 53.80 0.25 0.18 0.06 

WB -9.90 92.50 -0.41 -0.54 0.17 
 *Lysimeters statistics were calculated for every 7 days 
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Figure 4.6. Daily differences in evapotranspiration between the methods and the eddy-

covariance. Methods include: PDM and HBV-light hydrological models, lysimeters (Lys), 

energy balance (EB), water balance (WB), and the calibrated evapotranspiration equation 

(PMCal). 

 

Figure 4.6 shows the daily differences between the methods and the EC measurements. The 

hydrological models and the calibrated evapotranspiration equation were biased from the EC 

measurements over a range -2 to 2 mm/day, the energy balance method was biased over a 

range -12 to 4 mm/day, the lysimeters were biased over a range -12 to 6 mm/day, and the 

water balance method was biased over a range -6 to 14 mm/day. Remarkably, the HBV-light 

outperformed the rest of the models while the water balance method was the one that 

presented major differences in comparison with the EC measurements. Although the water 

balance and lysimeters had the second lowest bias percentage throughout the year (Table 

4.3), the differences shown in Figure 4.5 and Figure 4.6 suggest that this value is the result of 

the compensation of the considerable over- and under-estimation of daily differences. Thus, 

these methods estimate ETa better than other methods at the end of the year, but fail at 

estimating ETa on a daily or weekly basis. 

Overall, these results indicate that the hydrological models and the calibrated 

evapotranspiration equation are the most efficient methods for estimating daily ETa when 

compared with the EC measurements. 
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4.4 Discussion 

4.4.1 Actual evapotranspiration and its environmental controls 

Actual evapotranspiration in the páramo was 1.7 mm/day on average (ranging from 0.3 to 4.0 

mm/day) according to the EC measurements. ETa has rarely been measured or estimated in 

the páramo or at high altitudes, such as at 3765 m a.s.l. where the EC tower and the 

lysimeters are located. At a nearby location, Iniguez et al. (2016) modelled ETa with the 

PDM and found slightly lower daily averages of 1.47 mm/day (ranging from 0.19 to 3.33 

mm/day). At 3250 m in the Tibetan meadows, Gu et al. (2008) measured ETa with the EC 

method and found daily values of 4 mm (ranging from 1.9 to 6 mm) for 30 cm herbaceous 

vegetation with almost no bare soil (90 % vegetation coverage). Coners et al. (2016) 

measured at the same site a daily ETa range of 1.9 to 2.2 mm/day with EC and lysimeters. 

Nevertheless, the ETa/P ratio found in this study (0.57) is similar to the studies mentioned 

previously (0.6–0.7) and is slightly lower than the mean terrestrial ratio (0.66) (Oki & Kanae, 

2006). Also, at New Zealand sites Campbell & Murray (1990) and Holdsworth & Mark 

(1990) registered an ETa/P ratio between 0.2 and 0.5, where the tussock grasslands are very 

similar to our site despite a lower altitude of around 1000 m (a.s.l.). In Peru, similar daily ETa 

values were found for puna grasslands (ranging from 1.5 to 2.3 mm/day). However, given the 

high precipitation at that site, the annual ETa/P ratio was 0.2 (K. Clark et al., 2014). Finally, 

Fisher et al. (2009) found ETa values of 1096 mm/year from eddy-covariance towers located 

in the Amazonian rainforest in the tropics. 

The ETa amount depends mainly on the water and energy availability. As precipitation (P) 

and the soil volumetric water content (VWC) are high at the study site (Figure 4.3), high rates 

of drizzle have been measured (Padrón et al., 2015) and high interception rates during low 

intensity events quantified (Ochoa-Sánchez et al., 2018), sufficient water is available for 

evaporation and transpiration almost all year long. Regarding the available energy, Figure 4.3 

shows that the variability of ETa is the same as that of ETo and Rn. On average, ETa was 

found 13 % lower than ETo. The evaporative fraction was 0.48. Moreover, an important 

characteristic of our site is the high relative humidity present in the páramo that keeps the air 

saturated or almost saturated, thus no additional vapour is allowed in the atmosphere (Figure 

4.3). This is corroborated by the high differences in ETa/P between wet and dry months (0.46 

and 0.95 on average, respectively). During dry months (less than 100 mm/month), although 
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less water is available for evapotranspiration, lower cloudy conditions allow higher radiation 

(Figure 4.3), and consequently more evaporation. The opposite occurs during wet months. 

In summary, the constant rainfall balances ETa loss and drainage. A similar water balance 

was also found for native tussock grassland catchments in New Zealand (Bowden, Fahey, 

Ekanayake, & Murray, 2001). There is practically no time in the year where the soil 

volumetric water content (VWC) drops below 0.7 (field capacity), except during drier months 

when values of 0.6 were recorded. However, these values are not below the wilting point 

(0.45). 

4.4.2 Sources of uncertainty in the ETa estimation methods 

In general, the ETa was underestimated by all methods except the PMCal equation (Table 

4.3, Figure 4.4). Volumetric lysimeters were the most accurate in closing the water balance at 

the vegetation scale, as they used disdrometer observations to measure P and also took into 

account the change in soil water storage (ΔS). However, disdrometer measurements were 

only available at the supersite, therefore the water balance and the hydrological models used 

rain gauge measurements for quantifying P. In addition, the water balance did not include the 

ΔS term. Here, we showed that the water balance and lysimeters are good at estimating ETa 

by the end of the year while hydrological models were the most correlated with EC 

measurements, although they underestimated ETa by the end of the year. During the time 

period of the comparison, the daily disdrometer measurements recorded 4 % more rainfall 

than rain gauge measurements and they showed a difference of 10 % in absolute daily values. 

If we assume homogeneity between the supersite and microcatchments inside Zhurucay, 

disdrometer measurements of P could improve the water balance estimation of annual ETa. 

Due to the similarities between the ETa and ETo during the first months of this comparison 

period (May–August), as ETa seems to be limited by the energy availability and not by water 

availability, the energy balance was very close to the cumulative values of EC measurements 

(Figure 4.4). In addition, the outstanding performance of the PMCal (Table 4.3) is due to the 

calibration with the EC measurements that served as a bias correction for ETo. 

In the following sections, the sources of uncertainties from each method are discussed. 

4.4.2.1 The eddy-covariance technique 

The eddy-covariance method applied to non-ideal surfaces, such as steep terrain, and harsh 

environments can present uncertainties (Baldocchi, 2003). The main sources of biases are 
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related to night-time advection (mostly related to carbon dioxide and methane fluxes, rather 

than ETa) (Novick, Brantley, Miniat, Walker, & Vose, 2014) and to the energy exchange that 

is affected by the underlying sloped surface (Serrano-Ortiz et al., 2016). Such uncertainties 

cannot be accounted for in the present study, due to the need for additional sensors. However, 

the uncertainties induced by the data gap-filling process have been calculated via a 

bootstrapping technique, and amounted to 0.002 ± 0.008 mm/h (1.3 %) of the hourly ETa 

mean for the gap-filled data values exclusively (~20 % of the total dataset). 

4.4.2.2 Lysimeters 

Four volumetric lysimeters measured ETa over a period of one year by closing the water 

balance every seven days. The variables involved in the water balance are precipitation, 

drainage, and storage. Precipitation measured with the disdrometer (with a resolution of 0.01 

mm) includes observations of light-rain and drizzle, commonly present in the páramo. 

However, the cumulative drainage differed greatly between lysimeters (up to 165 mm) by the 

end of the year. Consequently, the ETa measured with each lysimeter differed in a similar 

manner. This difference represented 38 % of the total cumulative ETa. The uncertainty 

between lysimeters is large in comparison with other studies, for example Gebler et al. (2015) 

found a difference of 40 mm that represents 7.7 % of the total ETa. In addition, the change in 

soil water storage values calculated with the WCRs were small but appear important for 

closing the water balance. In summary, the uncertainty in measuring ETa with volumetric 

lysimeters might be due to differences in vegetation, root density, soil pore space and soil 

heterogeneity at each lysimeter. These differences at such a small scale could have caused 

variability in interception loss, transpiration, and consequently drainage. Furthermore, errors 

made by measurement instruments such as water content reflectometers should also be 

considered. Figure 4.7 shows the cumulative ETa for every lysimeter. The uncertainty 

between these instruments is the result of two lysimeters in particular. While lysimeters Lys2 

and Lys4 measured very similar ETa values, Lys3 and Lys1 strongly over- and under-

estimated ETa, respectively. Drainage from lysimeter Lys3 was minimal in comparison with 

the others, while drainage from lysimeter Lys1 was very high. Nevertheless, the average ETa 

measured with lysimeters Lys1 and Lys3 was similar to the ETa measured with lysimeters 

Lys2 and Lys4. This indicates that these values underestimated ETa when compared to the 

EC measurements. However, these over- and under-estimations were compensated for when 

they were aggregated over a monthly timescale. A higher correlation was found at a monthly 

timescale (r = 0.5, R
2
 = 0.4, and ve = 0.8). 
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Figure 4.7. Cumulative evapotranspiration measured with the four lysimeters every 7 days, 

cumulative precipitation, and the change in soil water storage (ΔS). 

4.4.2.3 Water balance 

The water balance method has been extensively used to validate ETa estimates from diverse 

sources (e.g. remote sensing, hydrologic models) and the water balance of three well 

monitored microcatchments, different in size, was assessed in this study with the objective to 

define ETaWB. The found values of ETaWB did not prove to be very accurate or to correlate 

with the EC measurements on a daily timescale. Figure 4.8 shows the mean performance of 

the three microcatchments depicted in Figure 1.3. Microcatchments M1 to M3 are different in 

size and relatively similar in terms of vegetation coverage, soil and hydrological properties. 

The M1 microcatchment is the most similar to the EC footprint. Table 4.4 shows the 

differences between each microcatchment when comparing their estimates with the EC 

measurements. The estimates were very similar among microcatchments and only the bias 

percentage was different. The average was therefore sufficient to give a representation of the 

performance of the water balance method. However, these estimates did not take into account 

the change in the soil water storage (ΔS). Figure 4.8 shows the difference between ETaWB 

and ETaEC estimates when the ΔS term was included, respectively excluded. Inclusion of the 

ΔS term in the water balance equation on the basis of the WCRs measurements resulted in an 

increase of the daily ETa estimates. In addition, Table 4.4 shows the mean estimates of ETa 

when the term ΔS was considered, confirming its lower performance. This occurred because 

the WCRs were only located on the supersite hillslope and no other soil VWC measurements 

were available at Zhurucay. It is noteworthy that the daily over- and under-estimations did 

not balance one another when they were aggregated weekly or monthly and large differences 

with EC measurements were still found. However, by the end of the year, the water balance 
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was as accurate as lysimeters in estimating ETa, and was better than the other methods, 

except PMCal. The concept of closure of the water balance to estimate ETa is the same as the 

lysimeters’ water balance, and when their terms were compared differences arose in the ΔS 

term. The daily water balance estimates were aggregated to weekly and monthly data, and 

were found to be far from as good as the lysimeter measurements. At a daily timescale, it is 

difficult to close the water balance as the precipitation that drains a day after or even later 

cannot be included. In addition, the poor performance of the water balance could be attributed 

to the poor estimation of ΔS. This term is important at daily and monthly timescales in order 

to estimate ETa properly. After one year though, the soil water storage is negligible. Studies 

with long-term data (e.g. Marc & Robinson (2007); Moehrlen, Kiely, & Pahlow (1999); 

Wilcox, Dowhower, Teague, & Thurow (2006)) or with accurate measurements of ΔS (e.g. 

Wan et al. (2015)), have therefore found high accuracy in water balance estimates. However, 

such studies are uncommon at remote sites (e.g. high altitude sites). Finally, a better 

measurement of precipitation, which includes hidden precipitation such as drizzle and fog, 

could close the water balance, and thus ETa could be better estimated. 

 

Figure 4.8. Differences between the mean water balance estimates (without the change in 

storage term) with EC measurements (orange line) and the differences between the mean 

water balance estimates (including the change in storage term) and the EC measurements 

(black line). 

 

 

 

 

 

Table 4.4. Bias percentage (pbias), normalized root mean square error (nRMSE), Pearson’s 

correlation coefficient (r), volumetric efficiency (ve), and coefficient of determination (R
2
) 
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for the ETa estimates from the water balance closure in three catchments against the eddy-

covariance measurements. 

Microcatchment pbias (%) nRMSE (%) r (-) ve (-) R
2
 (-) 

WB1 -12.80 99.70 -0.40 -0.63 0.16 

WB2 -12.10 93.50 -0.40 -0.55 0.16 

WB3 -4.70 89.40 -0.40 -0.47 0.16 

Mean WB with ΔS -16.20 167.10 0.07 -1.20 0.00 

 

4.4.2.4 Energy balance 

The variables involved in the energy balance were aggregated monthly together with the 

eddy-covariance measurements in Figure 4.9, showing their seasonal variance. The net 

radiation from the eddy-covariance was expected to be smaller than the net radiation from the 

energy balance, as the measurement elevations differ (3.6 m and 0.6 m, respectively). The 

ground heat flux was very small and similar between methods. The difference between the 

ETa estimations with the energy balance and with the EC measurements is therefore 

attributed to the estimates of the sensible heat flux. The flux variance method overestimated 

the sensible heat flux when compared with the EC measurements (Figure 4.9), therefore the 

EB method underestimated ETa (Figure 4.6). The flux variance method is preferred for 

estimating the sensible heat flux rather than the latent heat flux (Hsieh, Lai, Hsia, & Chang, 

2008; Katul et al., 1995), however studies corroborate that H was overestimated (e.g. Katul et 

al. (1995)). Although the flux variance estimates of H depend on air temperature, wind speed 

and net radiation (Wesson et al., 2001), we found that for the study site that the variation of 

the estimates is mainly influenced by the air temperature variance (σT), as shown in Figure 

4.9 where the variability between H and σT is the same throughout the year. In the páramo, 

hourly variations in temperature might be higher than at other sites (σ = 4.5 °C/hour), 

therefore high fluctuations of the H values occur. The energy balance method presented in 

this study is relatively simple to implement, especially taking into account that G is 

negligible, and turned out to be more accurate than the water balance method. A more widely 

used and easy-to-implement method that estimates H or LE is the Bowen ratio-energy 

balance (BREB) (Fritschen & Simpson, 1989). This method involves differential 

measurements of temperature and relative humidity, and although it is an indirect 

measurement of the energy fluxes, it is recommended for future implementation to increase 

the accuracy of the estimations of ETa with the energy balance methodology. 
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Figure 4.9. Energy fluxes measured with the eddy-covariance method vs. energy fluxes 

estimated with the energy balance method. Energy balance method is highly dependent on the 

variance of the temperature (σT). 

4.4.2.5 The calibrated evapotranspiration equation 

After calibration with EC measurements, the coefficients for the ASCE-PM equation were Cn 

= 550 and Cd = 0.4. They differed from the Penman-Monteith coefficients that estimate ETo 

(Cn = 900 and Cd = 0.34 for short grass and Cn = 1200 and Cd = 0.38 for tall grass (Allen, 

Clemmens, Burt, Solomon, & O’Halloran, 2005)). Indeed, the ETo and ETa provide different 

insights, as ETo explains the evapotranspiration when there is no water stress while ETa 

explains the actual evapotranspiration of the system. In addition, the difference between 

standard values and the ones found in this study, are due to the vegetation properties. Tussock 

grasslands differ from short and tall ideal grasses, especially in the high amount of dead 

leaves that lowers transpiration. The calibration purpose was therefore to find ETa estimates 

as a function of widely available measurements on a daily scale. The cross-validation of the 

calibrated evapotranspiration equation proved that results are independent from the dataset 

(R
2
 = 0.9). The PMCal method is the least biased method (-2 %) as EC measurements were 

used as input for the calibration procedure. Calibration causes a bias correction of the 

potential evapotranspiration to fit the EC measurements. At our site, this was useful as ETa 

varies similarly to ETo, as noted in section 4.4.1. The differences between PMCal and EC 

measurements were therefore minimal (Figure 4.6). Results of the calibrated 

evapotranspiration equation are accurate and useful at several sites as meteorological stations 

are widely available. We encourage the use of the calibrated coefficients at páramo sites 

where only meteorological stations are available to estimate ETa, as we have shown here that 

the common use of ETo to represent evapotranspiration overestimates this important variable 

by 13 %. 
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4.4.2.6 The hydrological models 

The PDM estimates ETa as a function of soil water storage and ETo. In general, model 

performance was good when compared with the EC measurements (Table 4.3). The few 

important differences occurred during November and March (Figure 4.6). During these 

months, there was less water available and the PDM underestimated ETa, while the EC 

measurements showed a relatively high ETa as there was low relative humidity and high ETo 

that allowed more transpiration (Figure 4.3). Figure 4.10 shows the differences between 

observed field values of volumetric soil water content (VWC) and the storage modelled with 

the PDM (PDM S), which cannot be compared in magnitude but should have the same 

variability throughout the year. However, it appears that there is no correlation, especially 

during November and March. Most importantly, the variability was not the same between 

VWC and PMD S. 

 

Figure 4.10. Soil volumetric water content observed with a water content reflectometer 

(VWC), soil water storage modelled with the PDM (PDM S), and soil water storage modelled 

with the HBV-light model (HBV S). 

 

The HBV-light model outperformed all methods, evidenced by its high correlation with the 

EC measurements (0.8–0.9), despite underestimating ETa at the end of the year with a bias of 

-20 %. The bias percentage of the model is higher than other methods, as the over- and under-

estimations of the other methods are compensated by the end of the year. HBV-light residuals 

are small (ranging from -1 to 1) and mostly negative, therefore these underestimations are not 

compensated, which explains the large negative bias. The volumetric efficiency, on the other 

hand, analyses absolute errors, and shows a high performance of the model (ve = 0.8). HBV-

light ETa estimates are a function of the same variables as in other hydrological models (e.g. 

PDM). Nevertheless, it appears that the factors multiplying ETo and the soil moisture 

variables, plus the corrections for temperature anomalies and an estimation of rainfall 

interception separately from soil evaporation and transpiration (Seibert & Vis, 2012), gave 

better estimates of ETa. Figure 4.10 shows the high correlation between VWC and the soil 

water storage of the HBV-light (HBV S). 
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It is challenging to represent the change in soil water storage in a model. Even though 

hydrological models are not very accurate at estimating storage, they take into account this 

term and this is one important reason why they are well correlated with daily ETa. 

Additionally, ETa remains as the only variable that the model needs in order to estimate ETa, 

as deep percolation and groundwater recharge are negligible at the site. At similar sites where 

EC or other methods are not available, hydrological models present a solid alternative. 

4.5 Summary and conclusions 

For the first time, we compared actual evapotranspiration measurements with estimations 

from several methods in the páramo ecosystem. This study contributes to the advances on the 

assessment of ETa, which is part of the main challenges for earth sciences (Fisher et al., 

2017). The mean daily actual evapotranspiration was found to be equal to 1.7 mm/day, and in 

a range from 0.3 to 4 mm/day. Over one year, ETa amounted to 622 mm and the ratio of ETa 

to the total precipitation was 0.57. Furthermore, we have discussed in detail the drivers that 

led the methods to over- or under-estimate ETa when compared with the EC method. Here 

we present a brief summary of the suitability of the methods with the main conclusions found 

in this study. 

The main advantages and disadvantages documented for the measurement and estimation of 

actual evapotranspiration have been summarized in Table 4.5. In conclusion, the most 

accurate method with the best temporal resolution is the EC method. However, building the 

tower includes costly sensors and data corrections that require specific knowledge. A more 

affordable technique that still gives a complete understanding of the functioning of the 

environment in terms of the water exchange between the vegetation and the atmosphere, 

consists in installing a volumetric lysimeter. However, these proved to be effective only when 

monthly timescales are necessary and when precipitation is accurately measured, taking into 

account that horizontal precipitation, drizzle and fog are commonly present in the páramo and 

a disdrometer is preferred over rain gauge measurements (Padrón et al., 2015). The energy 

balance method also gives a complete understanding of the energy exchange but the sensible 

heat flux could not be properly estimated in this study and requires further attention. 

Although the water balance has been widely used as a validation method for numerous 

approaches, we showed here that for relatively small ETa values, the measurement of the 

change in soil water content plays a crucial role in estimating daily ETa. Even with several 

water content reflectometers available at our site and information on the soil hydrophysical 
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properties, it was difficult to estimate this term accurately, and at other sites where other 

variables might be important the accuracy might be even more difficult to improve. 

Therefore, the water balance is only useful when ETa values are relatively large and other 

variables are correctly measured or negligible. Furthermore, lysimeters and the water balance 

method were the least biased in estimating annual ETa, as at the páramo site no other variable 

appears to be crucial for closing the water balance on that timescale. 

When daily estimates and few details on the energy fluxes are needed, the hydrological 

models (PDM and HBV-light) have proved to be robust for estimating ETa during wet and 

dry periods. Furthermore, these methods can properly assess the hydrology of the site, are 

freely available, require only few data as inputs and are easy to implement. They correlate 

very well with EC measurements and the use of better observations of P (e.g. thorough 

disdrometers) might improve their accuracy even more. 

Finally, it is possible that a meteorological station is available at a páramo site but complete 

or high-quality data for catchment characterization is not available, and therefore, a model 

cannot be run. However, the calibration of the Penman-Monteith equation presented here 

could serve for the estimation of ETa with great accuracy. Moreover, at sites where ETa is 

not limited by water, the ETo would give very similar results as the ETa. The use of the PM 

equation is therefore highly advised. 

This study presented and analysed alternatives to the ETaEC measurements in páramo 

grasslands. Further work on this environment is needed to attain higher spatial and temporal 

resolution. In the future, long-term monitoring studies are required to capture ETa variability 

under extreme conditions. In addition, partitioning of this variable in the páramo will improve 

ETa assessment and water resources modelling, important requirements worldwide (Fisher et 

al., 2017). 

 

 

 

Table 4.5. General advantages and disadvantages of the actual evapotranspiration 

measurement and estimation methods. 

Method Relative advantages Relative disadvantages 

Eddy-covariance Precise measuring technique 

via high-frequency optical 

Expensive sensors 
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Method Relative advantages Relative disadvantages 

detection 

High time resolution data Medium to difficult installation 

Useful to understand the 

energy and water exchange 

Medium difficulty for data 

acquisition 

Volumetric lysimeter Measuring technique Medium difficulty for installation 

Easy data acquisition Low time resolution data 

Medium to low cost  

Useful to understand the water 

exchange 

 

Water balance Easy to implement and to 

calculate 

Estimation technique 

Low cost Difficult to estimate accurately 

where groundwater or other 

variables are important 

World-wide used for ETa 

estimation 

Only viable for extensive areas 

and over large periods 

Energy balance Medium to low cost Estimation technique 

High time resolution data Difficult to estimate latent heat 

flux 

Easy to calculate  

Hydrological models Low cost Estimation technique 

Easy to implement Demand a proper calibration and 

validation 

Calibrated 

evapotranspiration 

equation 

Only meteorological variables 

are needed 

Estimation technique 

Easy to calculate Demand a proper calibration and 

validation 

Low cost   
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Chapter 5 

5. Controls on actual evapotranspiration 

The study of the controls and components of the evapotranspiration leads to a better 

understanding of the actual evapotranspiration (ETa) process that links the functioning 

of the soil, water and atmosphere. It also improves local, regional and global ETa 

modelling. At the Tropics, few studies so far focussed on the controls and components 

of ETa, especially at remote highland areas such as the tussock grassland. In this 

chapter, the controls on ETa were unveiled, finding that the wet páramo is an energy-

limited region and net radiation (Rn) is the main controller on ETa. The monthly 

average evaporative fraction (ETa/Rn) was 0.47 and it remained similar for wet and dry 

periods. The secondary controls on ETa were wind speed, aerodynamic resistance and 

surface resistance that appeared more important for dry periods, where significantly 

higher ETa rates were found (20 % increase). Knowledge on the ETa process will lead 

to improving the process understanding and modelling of the land-atmosphere fluxes in 

the Tropics. 
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5.1 Introduction 

An important challenge in ecohydrology is to understand the controls of the surface 

water balance, especially the partitioning of precipitation (P) into actual 

evapotranspiration (ETa) and runoff (Q) (Williams et al., 2012). From these 

components, ETa represents the key variable in linking ecosystem functioning, carbon 

and climate feedbacks, agricultural management, and water resources (Fisher et al., 

2017). Insights on the ETa magnitude and controls is of importance for current science 

questions about the terrestrial biosphere. Furthermore, revealing ETa controls will 

improve local, regional and global modelling of the soil-vegetation-atmosphere gas and 

energy exchange. ETa modelling at the Tropics remains a challenge since models are 

site-specific and their validation is problematic due to low measurement accuracy, a 

lack of long term monitoring and low spatial and temporal resolution (Fisher et al., 

2009, 2017). 

The páramo environment, mainly covered by tussock grasslands (> 80 %), is an 

important ecosystem of the Andean region for its endemic fauna, flora and especially 

for its water resources (Llambí et al., 2012). It is located above 3300 m. a.s.l. and it 

provides drinking water to cities and communities along Colombia, Ecuador and Peru. 

Its water is also used for agriculture, hydro-power production and for sustaining aquatic 

ecosystems. Studies about this ecosystem increased lately; however, due to its 

remoteness, information on the soil-vegetation-atmosphere exchange processes is still 

limited (Pepin et al., 2015). 

Studies on the controls of evapotranspiration at the Tropics focussed mainly on the 

Amazon rainforest, for its important contribution to global land surface 

evapotranspiration, and on some eddy-covariance sites in South-East Asia, Africa and 

Oceania (Costa et al., 2010; Fisher et al., 2009; Hasler & Avissar, 2007). At the páramo, 

actual evapotranspiration seasonality has been briefly discussed before using one or two 

years of measurements (Carrillo-Rojas et al., 2019; Ochoa-Sánchez, Crespo, Carrillo-

Rojas, Sucozhañay, & Célleri, 2019); however, identifying the controls on ETa was not 

the purpose of those studies; and therefore, they were not assessed. Additionally, 

differences in the controls on ETa for wet and dry periods have not been studied, mainly 

due to the low seasonality of precipitation at the páramo (Ochoa-Sánchez et al., 2019). 
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As a consequence, the aim of this chapter is to find the biotic and abiotic controls on 

ETa and whether these controls remain the same for wet and dry periods. Such an 

analysis will improve the understanding of the evapotranspiration process at one of the 

most important environments in the Andean region. 

5.2 Methods 

5.2.1 Data 

The site equipment used in this study corresponds to a laser disdrometer, a 

meteorological station, an eddy-covariance tower and 38 water content reflectometers 

along the hillslope, located at the monitoring supersite of Zhurucay (Figure 1.3). Since 

the eddy-covariance tower was placed in March 2016, three years of 

micrometeorological and soil moisture hourly-average time series were available 

(01/03/2016 – 28/02/2019). Table 5.1 specifies the variables used in this study, together 

with their acronyms, mean, maximum and minimum values and the sensors or equations 

used for their measurement or estimation. 

The eddy-covariance tower is part of the FLUXNET (EC-APr). The energy balance was 

closed at the study site by measuring the turbulent components of latent heat (LE) and 

sensible heat (H) with an enclosed-path infrared gas analyser (LI-COR 7200) and a 

three-dimensional sonic anemometer (Gill New WindMaster) respectively, both 

working at a sampling frequency of 20 Hz. On the other hand, the net radiation (Rn) and 

soil heat flux (G) components of the EB were measured with a 4-component net 

radiometer (CNR4 Kipp Zonen) and three soil heat flux plates (Hukseflux HFP01). 

High-frequency raw data from turbulent fluxes were processed with the EddyPro 

software, version 6.2.0 (LI-COR) and averaged to a 30-min blocks. Data quality 

assurance and quality control (QA/QC) with diagnostic flags, plausibility limits and 

spikes removal were mandatory to remove unreliable data. In addition, site-specific 

corrections were applied for time lags between measurements, humidity-dependent 

spectral losses and wind planar fit of the flux contributions. More detail of the 

aforementioned corrections is provided in Carrillo-Rojas et al. (2019). The energy 

balance closure (Rn – G = H + LE) for the 3-year dataset amounted to 99% and a 

correlation value of R
2
 = 0.9. 
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5.2.2 Evapotranspiration and meteorological variables seasonality and 

their difference between wet and dry periods 

The M1 Zhurucay microcatchment (Figure 1.3) was used to give a first insight on the 

hydrological cycle components at the supersite. M1 is the nearest monitored 

microcatchment to the supersite and it has the most similar vegetation, soil and climate 

characteristics than the other monitored microcatchments within Zhurucay. Precipitation 

was estimated with a disdrometer and actual evapotranspiration was measured with the 

eddy-covariance method, both installed at the supersite. Discharge was measured with a 

V-notch weir placed at the outlet of the M1 Zhurucay microcatchment. 

The meteorological variables P, ETa, Temp, VPD, ga, gs and Rn were averaged monthly 

to show their seasonality. The páramo is a wet tropical ecosystem with low precipitation 

seasonality; although less wet months were recorded from June to December (P < 100 

mm/month). The Budyko plot (ETa/P vs. ETo/P) was therefore used as criterion for 

dividing wet and dry periods. Usually Budyko plots are applied in an annual timescale; 

however, given the limited length of the time series in the study, 3-month periods were 

used (Mar-May, Jun-Aug, Sep-Nov and Dec-Feb). The meteorological variables 

mentioned were averaged for wet and dry periods. Additionally, a t-test on the daily 

values of each meteorological variable (except P) was applied to verify if there was a 

difference between wet and dry periods, at the 0.05 significance level. 
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Table 5.1. Variables used in this study. Sensors or equations used for each variable. Mean, maximum and mininum daily values for the three-

years study period (03/2016 – 02/2019). 

Variable Sensor Mean Max Min Unit 

Precipitation (P) 
Laser disdrometer: Thies Clima Laser Precipitation Monitor 

5.4110.00.000 V2.4× STD 
3.23 34.03 0.00 mm/day 

Discharge (Q) V-notch weir 2.01 0.05 26.84 mm/day 

Actual evapotranspiration (ETa) LI-7200 enclosed path infrared gas analyser (IRGA), LI−COR. 1.70 5.24 0.24 mm/day 

Sensible heat flux (H) LI-7200 enclosed path infrared gas analyser (IRGA), LI−COR. 5.02 16.24 -0.72 MJ/m2/day 

Net radiation (Rn) Net radiometer: Kipp & Zonen CNR4 at 3.6m height 8.88 18.48 -0.43 MJ/m2/day 

Relative humidity (RH) Thermometer/Hygrometer: Vaisala HMP155 + Radiation Shield at 3m height 92.52 100.00 11.30 % 

Air temperature (Temp) Thermometer/Hygrometer: Vaisala HMP155 + Radiation Shield at 3m height 6.50 10.14 2.29 °C 

Soil volumetric water content (VWC) Water content reflectometer: Campbell Scientific CS616 0.81 0.99 0.49 cm3/cm3 

Pressure (Pa) Barometer: Vaisala PTB110 at 1m height 64.95 64.95 64.95 kPa 

Wind speed (u2) 3D Sonic Anemometer: GILL-WM Gill New WindMaster at 3.6m height 4.10 8.20 1.50 m/s 

Friction velocity (u*) 3D Sonic Anemometer: GILL-WM Gill New WindMaster at 3.6m height 0.42 0.86 0.16 m/s 

Vapour pressure deficit (VPD) 

Implemented in R version 3.3.2 package plantecophys. (H. Jones, 2013) 

 (1) 

where,  

10.95 93.73 -87.94 hPa 

Aerodynamic conductance (ga)   (2)    Brutsaert (1982) 0.048 0.383 0.014 m/s 

Surface conductance (gs) 

The inverted Penman-Monteith equation was implemented in R version 3.3.2. package bigleaf. 

 (3) 

where, cp is the specific heat of air at constant pressure (in J/kg/°C), LE and H (in W/m2), γ is the psychometric constant (in 
hPa/°C) and Δ is the slope of the saturation vapour pressure curve (in hPa/°C). 

0.031 0.430 0.003 m/s 

Dew temperature (Tdew)    (4)     (Jensen et al., 1990) 4.87 8.41 -25.29 °C 
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5.2.3 Controls on evapotranspiration 

According to Costa et al. (2010), evapotranspiration in the tropics is influenced by four main 

variables: net radiation available at the surface (Rn), the vapour pressure deficit between the 

evaporating surface and the atmosphere (VPD), the conductance of the water vapour flow 

known as aerodynamic conductance (ga), and surface/stomatal conductance (gs). Rn, VPD 

and ga are the abiotic environmental controls on ETa, while gs is the biotic control. However, 

all available variables were considered in this study. In total, the following variables were 

intended as predictors of ETa: net radiation (in mm/day), relative humidity (in %), 

temperature (in °C), wind speed (in m/s), vapour pressure deficit (in hPa), precipitation (in 

mm/day), soil volumetric water content (in cm
3
/cm

3
), mean soil volumetric water content 

(VWC in cm
3
/cm

3
), soil volumetric water content at the start of an event (VWCini in 

cm
3
/cm

3
), aerodynamic conductance (in m/s), surface conductance (in m/s) and dew 

temperature (in °C). These variables were measured or calculated as detailed in Table 5.1 at 

an hourly timescale and averaged for each event (see section 5.2.3.1 for the definition of an 

event). The multiple linear regression (MLR) was implemented on R version 3.3.2, with the 

following steps: 

1. The MLR model was calibrated with 80 % of the dataset and the remaining 20 % was 

used for validation. 

2. The least number of predictors was chosen with the stepwise method (Venables & 

Ripley, 2002), in which the initial model does not have any predictor but the constant 

term. From this, all possible models are generated with one of the available variables. 

The variable that improves the model is selected. The following variables are included 

one by one. After each variable is included, an extraction test is made in which a 

predictor is deleted when it is not useful for the MLR. Each variable was used or 

discarded with the Akaike (AIC) criterion (Akaike, 1974). 

3. Predictors were tested for independency with correlation plots and correlation 

coefficients. 

4. The linear relationship between ETa and the predictors was confirmed with dispersion 

plots between the model residuals and each predictor. Residuals should be randomly 

distributed around zero and they should vary constantly along the x-axis. 

5. Residuals normal distribution was checked graphically with a q-q plot and statistically 

with the Shapiro-Wilk test (Royston, 1982). 
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6. Homoscedasticity of the residuals was checked with dispersion plots between the model 

residuals and the fitted values (estimations) of ETa. Residuals should be randomly 

distributed around zero and they should vary constantly along the x-axis. Additionally, 

the studentized Breusch-Pagan test was used to check for homoscedasticity (Breusch & 

Pagan, 1979). 

7. The validation set of observations was compared with estimations finding the Pearson’s 

correlation coefficient (r) and the bias percentage (pbias). 

8. The 10-fold cross validation method was performed to test the MLR in terms of 

generality, to know if the MLR could be used with a different dataset. The method was 

implemented by partitioning the total number of ETa events into ten groups. The MLR 

was then applied ten times and one group was left out for fitting at each iteration. After 

finding all the fitted values, they were compared with the observed values using the 

Pearson’s correlation coefficient (r). The cross-validation method was implemented 

through the bootstrap package in R version 3.3.2. 

5.2.3.1 Events selection 

Event timescale was selected for finding controls on ETa. Daily and even hourly timescale 

were available for all variables; however, time lag exists between some meteorological 

variables (Zhang, Manzoni, Katul, Porporato, & Yang, 2014). The closure of the water 

balance at vegetation scale, therefore, was chosen as a better approach for understanding 

controls on ETa. For closing the vegetation water balance, an event starts with the first drop 

of precipitation falling in dry grass leaves and it lasts until the grass is dry again and a new 

event starts. Thus, the total length of an event is the sum of the following: (1) the duration of 

the precipitation event, (2) one day that allows the grass leaves to dry and that avoid short 

events with night-only observations (where ETa is minimal), and (3) the dry hours until 

another event starts; to include the 3-year available time series. The disdrometer precipitation 

measurements were used to define the event separation dates. 

5.3 Results 

5.3.1 Evapotranspiration seasonality 

Annual precipitation, evapotranspiration and discharge, measured for the period March 2016 

– February 2019 at M1 microcatchment (Figure 1.3) were on average 1267 mm/year, 610 

mm/year and 726 mm/year. The annual evapotranspiration ratio (ETa/P) is on average 0.49, 



Chapter 5 

72 

the annual evaporative fraction (ETa/Rn) 0.47, and the annual ratio of actual to potential 

evapotranspiration (ETa/ETo) 0.99. 

Seasonality of actual evapotranspiration and meteorological variables related to the process 

are plotted in Figure 5.1. All variables exhibited a seasonal variation. Daily temperature 

decreases slightly with 1.3 °C on average from June to September. P, Rn and VPD vary 

similar to ETa, while gs varies in the opposite direction to ETa and ga does not vary as ETa. 

Since ETa variability is linked with precipitation, wet and dry periods were divided with the 

Budyko criterion. The evapotranspiration ratio as a function of the dryness index, plotted in 

Figure 5.2, shows that most of the 3-month periods lie on the energy limit line. Three periods 

were and they were chosen as dry periods: September, October and November of the years 

2016, 2017 and 2018, labelled in Figure 5.2 as D1, D2 and D3. D1 is limited by water (ETo/P 

>1) and it might be that water input was not fully measured since ETa/P exceeds 1. Fog and 

dew might be important components additional to precipitation which cannot be measured by 

the disdrometer. D2 was chosen also as a dry period since it is apart from other points and 

very close to ETo/P = 1. D3 is clearly a dry period (ETo/P >1). 

P, ETa, Rn, VPD, ga and gs were averaged on an annual basis for wet and dry periods, and a 

t-test was performed to prove if significant differences occur between the mentioned periods 

at the 5 % significance level (Table 5.2). Precipitation changed during wet periods from 4.5 

mm/day to 2 mm/day during dry periods. ETa had a significant increase of 19 % during dry 

periods in which Rn, VPD and Temp also increased significantly (22 %, 178 % and 8 %); 

while gs decreased significantly in 30 %. The only variable that did not change significantly 

between wet and dry periods was the aerodynamic conductance. 
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Figure 5.1. Seasonality of the average values of actual evapotranspiration (ETa), 

precipitation (P), vapour pressure deficit (VPD), temperature (Temp), surface conductance 

(gs), aerodynamic conductance (ga) and net radiation (Rn). Precipitation bars correspond to 

the minimum and maximum monthly value. Bars for the remaining variables correspond to 

the first and the third quartile of the daily values. The grey shadow covers the dry periods of 

September, October and November according to the Budyko analysis. 
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Figure 5.2. Evapotranspiration ratio (ETa/P) as a function of the dryness index (ETo/P) for 

three-month periods. D1, D2 and D3 correspond to dry periods (09/2016 – 11/2016, 09/2017 

– 11/2017 and 09/2018 – 11/2018). 

Table 5.2. Annual averages, seasonal averages, and percentage increase during dry months 

compared to the wet months value of the actual evapotranspiration (ETa) and its main 

controlling variables: precipitation (P), net radiation (Rn), vapour pressure deficit (VPD), 

temperature (Temp), surface conductance (gs) and aerodynamic conductance (ga). Bold 

numbers are seasonal daily averages that are significantly different from each other at the 

0.05 significance level according to the t-test. Dry periods correspond to the D1, D2 and D3 

points in Figure 5.2 (09/2016 – 11/2016, 09/2017 – 11/2017 and 09/2018 – 11/2018). 

  
P 

(mm/day) 

ETa 

(mm/day) 

Rn 

(mm/day) 

VPD 

(hPa) 

Temp 

°C 

gs 

(m/s) 

ga 

(m/s) 

Year 3.34 1.70 3.61 10.92 6.50 0.003 0.0041 

Wet 4.45 1.66 3.32 6.16 6.39 0.003 0.0036 

Dry 2.01 1.97 4.04 17.10 6.87 0.002 0.0041 

Increment   19 % 22 % 178 % 8 % -30 % 15 % 

 

5.3.2 Evapotranspiration controls 

We have seen that variables such as P, Rn, VPD, Temp, and gs changed significantly as well 

as ETa from wet to dry periods. In order to investigate controls of variables on ETa, a 

multiple linear regression (equation 5) was performed for the 112 events found during the 3-

year monitoring period. ETa is expressed in function of net radiation (Rn) in mm/day, wind 

speed (u2) in m/s, aerodynamic conductance (ga) in m/s and surface conductance (gs) in m/s. 

Rn explained 53 % of the variance, u2 explained 16 %, ga explained 7 % and gs explained 4 

%. 



Controls on evapotranspiration 

75 

  (5) 

The residual standard error of the MLR was 0.2 mm/day and the coefficient of determination 

0.81. The linear relationship between ETa and the predictors was tested and regression 

residuals were checked for normality and homoscedasticity (Appendix A). Other variables 

used initially as predictors were dropped for collinearity between them or poor variance 

explanation (Appendix A). The validation dataset was compared with predicted values of 

ETa using the MLR in equation 5. The predicted values were highly correlated (r = 0.8) with 

a small bias (pbias = 5 %). The Pearson’s correlation coefficient of the 10 – fold cross 

validation was 0.88, proving independency of the model from the dataset. ETa observations 

and estimations for the validation events are shown in Figure 5.3. The 95 % confidence 

intervals are shown as well for each fitted value. 

 

Figure 5.3. Actual evapotranspiration observations and estimations for the validation events. 

Bars correspond to the 95 % confidence intervals. 
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Figure 5.4. Wet event including the following variables: precipitation (P), soil volumetric 

water content (VWC), vapour pressure deficit (VPD), temperature (Temp), surface 

conductance (gs), aerodynamic conductance (ga), wind speed (u2), net radiation (Rn) and 

actual evapotranspiration (ETa). Shadow bars show daylight hours from 7 am to 7 pm. 

Evapotranspiration takes place during 12 hours at daylight from around 7 a.m. to 7 p.m. 

(Figure 5.4). The event showed in Figure 5.4, corresponds to a common event in which the 

main controlling variable, Rn, has the same variability as ETa. Also, VPD and Temp vary 

similar to ETa. Right after rain stops, ETa is higher due to a higher evaporation of the 

intercepted water (water is not reaching the soil, see the VWC signal in Figure 5.4). After 

that, ETa values correspond mainly to transpiration (VWC signal decreases only during 

daytime), and ETa variation is again similar to the variation of Rn, VPD and Temp. 

5.4 Discussion 

The annual water budget (P-ETa-Q) closes in -69 mm, meaning that precipitation was 

underestimated with at least 69 mm, assuming that other variables are negligible at this site 

and that ETa from the supersite represents ETa at the M1 microcatchment. These 

assumptions are plausible since groundwater contribution to discharge are minimal 

(Mosquera et al., 2016) and M1 vegetation, soil and climate are very similar to the supersite. 
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The relatively low ETa, in combination with almost no zero-precipitation days (Padrón et al., 

2015) and the high soil water retention capacity play an important role in the high water 

storage of the páramo environment. 

Controls and quantification of ETa components are important for process understanding and 

for improving local, regional and global ETa modelling. We identified the main controllers 

on ETa at a páramo representative site and quantified transpiration during dry periods. In the 

following paragraphs, we contrast our findings to similar sites and provide insights on the 

ETa and T processes. 

The Budyko framework applied to this study showed that the wet páramo is mainly 

controlled by energy and not by water (annual ETa/ETo ratio was on average 0.99). The 

continuous rainfall at the study site and the soil water retention capacity allow high soil 

moisture values (mean = 0.81, Figure 5.1) which rarely drop to field capacity (VWC = 0.7) 

and never drop to wilting point (VWC = 0.45). Every year, only the months of September, 

October and November had a higher dryness index, although the evaporative fraction 

remained constant. One of those periods was above the water limit in Figure 5.2, plausible 

because all precipitation was not measured (e.g. fog and dew) or because water storage 

contribution is important and the 3-month period used is not long enough to take this into 

account. On the other hand, two points showed ETa values higher than ETo (points above the 

energy line in Figure 5.2). Other energy-limited regions have shown an increasing gap 

between ETo and ETa, suggesting the influence of additional variables controlling ETa 

(Anabalón & Sharma, 2017). The variation of the evaporative index is controlled by the 

available energy, while climate and vegetation type act as additional controls (Williams et al., 

2012). Given that the two points correspond to the periods between June and August 2016 

and 2017, in which ga increases (Figure 5.1), this variable might be controlling ETa over 

those periods as well as u2 that has the same seasonality as ga. 

The main controllers on ETa for this energy-limited site are in accordance with other studies 

that have analysed controls on ETa at the Tropics. We found that Rn is the main controller on 

ETa, followed by u2, ga and gs and an annual evaporative fraction (ETa/Rn) of 0.47. The 

evaporative fraction remained valid for wet and dry periods. It is expected that Rn controls 

ETa in wet environments in the tropics; however, the evaporative fraction and consistency 

between wet and dry periods vary among sites (Hasler & Avissar, 2007). Fisher et al. (2009) 

studied evapotranspiration in the tropics, finding Rn as the main controller and a higher 
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evaporative fraction of 0.72. Rn explained 87 % of the monthly ETa variance in the 

Amazonian sites, VPD explained 14 %, the normalized difference vegetation index (NDVI) 9 

% and wind speed 4 %. However, VPD and NDVI were more important for less wet tropical 

sites. Also, Wieser et al. (2008) found Rn, photosynthetically active radiation (PAR) and 

VPD as linear controllers on ETa in an energy-limited site at the Austrian Alps. The 

secondary controls on ETa at our study site were u2, ga and gs. The first two are atmospheric 

controls, and the only biotic control on ETa is gs. We found that gs had a significant 30 % 

drop in the dry season which is typical for tropical sites (Costa et al., 2010). Further work on 

leaf phenology effects on ETa are needed to understand better the control on ETa by 

vegetation. The significant seasonal variability of ETa, Rn, VPD, and gs but not significant 

for ga was also found for other equatorial sites (Costa et al., 2010). Another interesting 

finding, related to the MLR predictors, is that although VPD varies similar to ETa, it does not 

inhibit evapotranspiration at least for the range of VPD values seen in this study (Figure 5.1). 

Many events in which ETa values were equal or higher than the mean, VPD values were 

lower than the mean. VPD and Temp vary similar to ETa on an event scale, as shown in 

Figure 5.4. In fact, VPD is collinear to Rn but explains less variance than Rn, only 1 % 

(Appendix A). Knowing that VPD is a function of relative humidity (RH) and Temp, the 

plausible explanation for the absence of VPD in the controllers on ETa could be the 

following. In short canopies, such as tussock grasslands, the air adjacent to the leaves is not 

well mixed with the air above the canopy (decoupling conditions between the vegetation and 

the atmosphere); and therefore, ETa is more controlled by Rn than by RH (Chapin, Matson, 

& Vitousek, 2011). In addition, Temp did not pass the stepwise variables selection (Appendix 

A). VPD and Temp are therefore, controlled by Rn, but have minimal control over ETa. 

5.5 Conclusions 

Our study on the controls on evapotranspiration and transpiration at high Andean grasslands 

led to the following conclusions: (1) the site is energy-limited and driven mainly by net 

radiation (annual ETa/Rn was on average 0.47), leaving wind speed, surface conductance and 

aerodynamic conductance (biotic control) as secondary controls, and (2) ETa increased 

significantly during dry periods in 19 % (between September and November) and although 

Rn remained the main controller, the secondary controls appeared especially important during 

these periods. 
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EC measurements provide point-source information of tussock grasslands. Although tussock 

grasslands cover around 80 % of the páramo, ETa has not been measured on cushion plants, 

polylepis and pine forests. Their contribution to ETa needs further assessment, since regional 

estimates on ETa would enlighten the water consumption at this very important region for 

water resources. Additionally, quantification of fog and dew is needed at the páramo to better 

close the water balance and improve explanation of the evapotranspiration process.
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Chapter 6 

6. Conclusions 

6.1 Synthesis 

This dissertation unveiled the evapotranspiration process of the Andean páramo grassland 

through the quantification of its components, the analysis of measurement and estimation 

methods and the assessment of its controls. It is the first time that interception and 

transpiration were quantified, clarifying questions that emerged with the first studies of this 

important biome, back in the nineties. Methods for the measurement and estimation of 

evapotranspiration were analysed and their accuracy and possibilities for implementation 

assessed. Ultimately the controls on evapotranspiration were discussed. 

The components of evapotranspiration of páramo grassland were mainly evaporation from 

intercepted water and transpiration. Bare soil conditions were not present at the study area 

thus soil evaporation was negligible. Canopy interception reached 100 to 80 % of the total 

precipitation on small events (P < 2 mm) and it decreased up to 10 % during large events (P > 

2 mm). The canopy storage capacity of tussock grasslands (i.e. the maximum amount of 

water that vegetation at the páramo was able to retain) was 2 mm. Although low cumulative 

precipitation, low intensity, and long duration favoured interception loss, no clear 

relationships with meteorological variables were found. For all the events, only cumulative 

precipitation was found to be important. However, a multiple linear regression equation (R
2
 = 

0.9) was identified to estimate interception loss in function of cumulative precipitation per 

event and relative humidity, which is valid for events when 1.7 < P < 8.5 mm. Transpiration 

measurements were on average 1.5 mm/day (range from 0.7 to 2.7 mm/day). During dry 

periods, only transpiration was expected to occur. However, due to the humid climate at the 

high Andean mountain range, some days without rain the páramo grassland still captures dew 

and/or fog, which during daytime evaporates. The combination of evaporation due to 

interception during wet and dry periods represents a high contribution to the 

evapotranspiration process. 

The most accurate method to measure evapotranspiration, with the finest temporal resolution, 

was the eddy-covariance method. However, besides its high cost, its implementation, 

operation, maintenance and further data processing are complex. Hydrological models, such 
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as the PDM and HBV-light, proved to be robust for estimating evapotranspiration during wet 

and dry periods. Furthermore, these methods can properly assess the hydrology of the site, 

are freely available, require only few data as input and are easy to implement. Also, the 

Penman-Monteith equation was calibrated and their estimates were highly accurate on a daily 

scale. For monthly timescales, the volumetric lysimeters implemented in this study are an 

affordable alternative technique that still gives a complete understanding of the water 

exchange between the vegetation and the atmosphere. It is important to note that although the 

water balance has been used as a reference method for estimating evapotranspiration (e.g. to 

which remote sensing products have been compared to), this study revealed that it is not a 

suitable method at daily timescale (r = -0.41 and pbias = 10%) unless accurate daily 

estimations or measurements of the soil water storage are provided. 

Hydrological models were accurate since at the páramo the most important components of 

the water cycle were precipitation, discharge and evapotranspiration. Additional processes 

such as groundwater recharge or percolation are, therefore, minimal or non-existent. The 

relatively low evapotranspiration found in this study (annual ETa/P = 0.5) is in accordance 

with an energy-limited site where enough water is available for evapotranspiration. 

Therefore, net radiation is the primary control on evapotranspiration (annual ETa/Rn = 0.47). 

During dry periods, evapotranspiration increased significantly in about 20%. In that case, 

secondary controls (wind speed, surface conductance and aerodynamic conductance) were 

found important. 

Finally, this study highlighted the importance of understanding the components of the 

hydrological cycle in order to better assess the functioning of the páramo ecosystem, which 

knowledge has increased in the past decade, but that still needs further attention, given its 

importance to water resources and upcoming challenges such as land use and climate change.  
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6.2 Future research 

Ecohydrology has been a relatively recent subject of study. At the páramo, the 

comprehension of the water, vegetation and soil interactions still need further analysis. In this 

section some future studies are highlighted for which the present research opened the path. 

 Evapotranspiration partitioning 

Since interception loss was found to be a major component of evapotranspiration at the 

páramo, ETa is not a good indicator of the productive use of water through plant uptake 

or soil evaporation. A separate assessment of evaporation and transpiration is, therefore, 

necessary. In this study, an effort was made towards evapotranspiration partitioning; 

however, due to the available data, only the event-scale approach was possible. 

Mathematical models or lysimeters measurements could be used for daily 

evapotranspiration partitioning. Better yet, stable isotope techniques could enlighten on 

the hypothesis that soil water used by plants remains separated from water rapidly passing 

through soils (Good et al., 2015). 

 Fog and dew measurements 

It was noted in this study, that precipitation measured with appropriate sensors, such as 

disdrometers, are needed to capture light precipitation and drizzle very common at the 

páramo. In fact, it was proved that interception was only accurately measured when 

disdrometer observations were used. However, the quantification of dew and fog need 

further assessment in this environment where those processes are common as well. 

Interception of dew and fog by vegetation are part of the evaporation and they could also 

contribute to soil moisture. Thus, their assessment is key for further hydrological process 

understanding and modelling. In addition, they might become important water sources, 

especially during dry periods. 

 Improvement of evapotranspiration estimates 

Regarding the methods for estimating evapotranspiration, the water balance, lysimeters 

and energy balance evidence was given that these methods are not suitable at daily scale. 

However, they could be applied in the future considering the following. The measurement 

of the change in soil water storage should be improved in order to apply the water balance 

method. Lysimeters could be improved by converting them into weighing lysimeters; 
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therefore, increasing their accuracy. The energy balance could be used by improving the 

estimation of the sensible heat flux, through a different mathematical method or with the 

application of the Bowen ratio method. 

 Evapotranspiration from other vegetation types 

An important limitation of this study is the point-measurement approach due to lack of 

data. Eddy-covariance measurements represented evapotranspiration at tussock 

grasslands. Although that vegetation type covers more than 80 % of páramo sites, 

evapotranspiration has not been measured on cushion plants, polylepis and pine forests. 

Their contribution to evapotranspiration need further assessment, since regional estimates 

on ETa would enlighten the water consumption at this very important region for water 

resources. 

 Improvements on hydrological and climate models 

We have seen in this study that the páramo is an energy-limited environment rather than a 

water-limited one. However, temperature increase and changes in duration and intensity 

of precipitation (predicted by climate change scenarios) will lead to changes in the 

evapotranspiration between wet and dry periods. The assessment of the impact of these 

changes at the páramo need to be addressed since dry periods might shift this 

environment to a water-limited one. This might have severe implications on the soil that 

is key to hydrological regulation (water storage and yield). However, the complex 

orography of the páramo requires fine spatial resolution from regional climate models. In 

view of the higher computational capabilities available today, the few studies on climate 

change predictions at the páramo need to be updated. Analogously, this study laid the 

groundwork for hydrological models that need to estimate accurately evapotranspiration 

and its components. Improved climate and hydrological models will unveil the impacts of 

climate change, the vulnerability of the páramo and will lead towards climate action.
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Appendix A 

Multiple linear regression model (MLR) 

The following variables were intended as predictors: net radiation (mm/day), relative 

humidity (%), temperature (°C), wind speed (m/s), vapour pressure deficit (hPa), 

precipitation (mm/day), mean soil volumetric water content and at the initial time of the event 

(cm
3
/cm

3
), aerodynamic conductance (m/s), surface conductance (m/s), dew temperature 

(°C), beam radiation (MJ/m
2
/day) and diffuse radiation (MJ/m

2
/day). 

1. Selection of predictors with the stepwise function in R version 3.3.2, 

package stats 

The following variables were selected via the stepwise function: Net radiation (Rn) in 

mm/day, aerodynamic conductance (ga) in m/s, surface conductance (gs) in m/s, dew 

temperature (Tdew) in °C, vapour pressure deficit (VPD), initial soil volumetric water content 

(VWCini in cm
3
/cm

3
) and wind speed (u2) in m/s. 

2. Collinearity between variables 

As seen in Figure A1, VPD is linearly related with Rn. VPD explains 1 % of the variance in 

the MLR. Tdew also explains 1 % of the variance, thus it was not taken into account. VWCini 

accounts for 1.5 % and since the VWC at Andosols is never equal or below wilting point, 

VWCini was not considered. Finally, the four variables Rn, u2, ga, gs were chosen. 

 

Figure A1. Collinearity between variables chosen with the stepwise method 
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3. Linear relationship between ETa and the predictors 

Figure A2 shows the residuals and predictors which are around zero and vary constantly over 

the x-axis. 

 

Figure A2. Model residuals vs. predictors 

4. Normality of residuals 

The Shapiro test (p-value of 0.7834) and the q-q plot in Figure A3 confirm normality. 

 

Figure A3. Q-Q plot of the model residuals 
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5. Homoscedasticity of residuals 

Figure A4 shows dispersion plots between the model residuals and the fitted values of ETa. 

Residuals are randomly distributed around zero and they constantly along the x-axis. 

Additionally, the studentized Breusch-Pagan test had a p-value = 0.1846. There is no 

evidence of lack of homoscedasticity. 

 

Figure A4. Model residuals vs. fitted values of ETa 
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