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1. Secondary forest growth plays an important role in reducing the impacts of

deforestation on the water balance in Amazonia.

(this thesis)

2. The impact of future climate change on hydropower production in Amazonia depends

on how much forest regrowth is allowed in deforested areas.

(this thesis)

3. Future changes on climate extremes are expected to be more detrimental to the

ecosystem services than alterations on the average climate.

4. Planting one billion hectares of trees worldwide is not enough to solve the climate

Cl'ISIS. 

5. Social welfare programs are useful, but it is essential that governments work together to

solve the problems that generate the social differences.

6. Adopting management practices from local communities is often more effective for 

sustainable development than enforcing modern development practices. 
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Chapter 1  

General Introduction 
 

1.1 Importance of Amazon Forest 

 

The Amazon forest is the largest remaining tropical rainforest on the planet. It is a host of 

large biodiversity and an ecosystem services provider, on a regional and a planetary scale. The 

ecosystem services provided by the forest are wood and non-wood products, divided in categories 

by Millennium Ecosystem Assessment as provisioning category, such as food, fresh water, fiber, 

fuel; or as regulating category, such as regulation of air quality, climate, water, erosion, pollination 

and natural hazard (Chiabai et al., 2011).  

Regarding the provision services, the presence of forest helps on the supplying of fresh 

water by increasing the infiltration, the residence time of water in the soil and consequently the 

recharge of the water table (Ellison et al., 2017). The river basin has the ability of regulating river 

flows through land-atmosphere connections caused mainly by the precipitation recycling that is 

heavily affected by the presence of the forest (Salazar et al., 2018). The Amazon watershed spans 

6.9 million km2, connecting nine countries in South America - Brazil, Bolivia, Peru, Ecuador, 

Colombia, Venezuela, Guyana, Suriname and French Guiana. The hydrological connections help 

maintain over 1 million km2 of freshwater ecosystems, which sustain a wealth of biological 

diversity and productive fisheries that are a vital source of protein and income for the local 

population. The Amazon River network is fundamental for the regional economy (Joly et al., 2019).   

The Amazon also regulates climate globally absorbing and storing carbon in its living 

biomass and in the soil (Aragão et al., 2014; Feldpausch et al., 2012). The carbon stored in its 

biomass is equivalent to around ten times the current annual emissions of fossil fuel. Moreover, 

vegetation modulates the regional climate diminishing the temperature and increasing the relative 

humidity as a result of the evapotranspiration process (Joly et al., 2019). Evapotranspiration also 

fosters part of the local rainfall through the moisture recycling process, and South American 

subtropics rainfall in combination with seasonal routes of moisture originated over the tropical 
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North Atlantic, and that shifts south after reaching the eastern Andes Mountains flowing in the 

direction of northern Argentina and southeastern Brazil, the so-called aerial rivers (Arraut et al., 

2012; Marengo et al., 2004; Poveda et al., 2014; Zemp et al., 2014). About one-third of Amazon 

rainfall originates within its own basin, of which two-thirds has been recycled through 

evapotranspiration (Staal et al., 2018; Zemp et al., 2014). Furthermore, in a large portion of the 

basin, high rates of evapotranspiration are maintained or even increased during the dry season 

(Rocha et al., 2009), which may play a relevant role in the onset of the following rainy season (Fu 

and Li, 2004).  

 

 

1.2 Threats to Amazon Forest  

 

Humans are using a large area of ice-free land surface, replacing natural cover as forests and 

other natural ecosystems as savannahs and natural grasslands by croplands, decreasing biodiversity 

and increasing the surface temperature as a result of carbon release into the atmosphere. Moreover, 

the changing on land cover may also alter the microclimate and consequently alter the rainfall 

regime. 

Amazon forest has been threatened by several drivers such as land use and land cover 

change, forest degradation and fragmentation, climate change, forest fires and increase of extreme 

droughts and floods, which are interconnected in complex ways. 

The Amazon has warmed up around 1oC in the last century (IPCC, 2013) due to global 

warming associated primarily to the increase of greenhouse gases emissions. The projections for 

temperature increase for this century range from 1.8 oC to 5.1oC with even higher values for dry 

season. 

Besides global warming, the land use and land cover change in the region are a result of 

continued deforestation that is being pushed by the global market demand growth for animal and 

vegetable protein and the hydropower regional needs. In the beginning of Amazon exploration, 

human occupation in the Brazilian Amazonia was encouraged by the Brazilian government as forest 

conversion to pasture and agricultural land, mediated by logging and slash and burning. With the 

finding of the low productivity of the region, a political approach of valuable nature conservation 

was adopted, creating territories legally protected from any economic and human activity outside 
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indigenous people areas. Even though there are areas that are currently legally protected, changes 

on the environmental management law can occur depending on the economic situation that the 

country is facing. As Amazon is a source of natural resources, governance can be weakened 

encouraging the exploration of current legal protected areas, by mining, wood extraction and 

agriculture expansion, e.g., the last revision of Forest Code leads to additional deforestation of 41-

57%, depending on the commodity price scenario (Verburg et al., 2014). 

Between 2005 and 2014, deforestation rates had declined by almost 80% (PRODES, INPE, 

http://www.obt.inpe.br/prodes/) and the agricultural output has been increasing significantly by the 

use of sustainable polices (Macedo et al., 2012) what was also found by projections of future 

scenarios (Verburg et al., 2014). After this period, the deforestation has been continuously 

increasing again, reaching almost 10000 km2 in 2019. 

 

 

1.3. Knowledge gap 

 

Although the Amazon forest is recognized as a leading player of the regional and global 

climate system, the spatial and temporal variability of its hydrological functions is not completely 

understood; therefore, evaluating the seasonal and spatial variations of the water fluxes in the 

Amazon region  is still influential to improve scientific understanding of its interactions with the 

overlying atmosphere (Costa et al., 2010; Rocha et al., 2009; Restrepo-Coupe et al., 2013; Von 

Randow et al., 2013). These variations mainly depend on the characteristics of the vegetation, on 

energy processes and on water availability (Hasler and Avissar, 2007).  

 

Understanding of vegetation and climate interaction is commonly achieved by field 

measurements and by land surface and climate models simulations. Although Large-Scale 

Biosphere–Atmosphere Experiment in Amazonia (LBA) tower network have given a large 

sampling of measurements of crucial importance for understanding the forest-atmosphere 

interaction and provide information for the improvement of the models, several aspects related to 

the effects of spatial variability of land-use change on evaporation remain poorly understood. For 

example, there is still a lack of studies with long-term field measurements in deforested areas and of 

comparative studies of different deforested sites. Also, except for leaf scale measurements that 

http://www.obt.inpe.br/prodes/
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included some pioneer species (Kunert et al., 2015), literature still lacks reports of direct 

observations of fluxes in secondary vegetation areas in Amazonia. Additionally, studies that 

investigated the impacts of climate variability and land use conversion on river discharge (Dalagnol 

et al., 2017; Mohor et al., 2015; Siqueira Jr et al., 2015) did not consider the impact of secondary 

vegetation regrowth on the water cycle, which may become an important land use in the amazon in 

the near future (Aguiar et al., 2016). 

 

 

1.4. Objectives and Research Questions 

 

Considering the importance of Amazonian evapotranspiration for Regional and Global 

climate, the objective of this thesis is to measure and model evapotranspiration at different land 

covers in Amazonia, analyzing its spatial and seasonal variability and its environmental and biotic 

controls.  

To achieve these goals, data on pastures, primary forest and secondary forest sites were 

collected and analyzed. This study is the first comprehensive study of water and carbon fluxes in 

secondary forest in Amazonia. 

Then, observations were used to parametrize a hydrological model to assess the potential 

combined impacts of Climate Change (CC) and Land Use and Land Cover Change (LCLUC) in 

river discharges in an Amazon tributary and evaluate the extent to which these effects could 

influence future energy production. Using this model, the effects of the growth of secondary forests 

on water and energy production was investigated. 

To address these objectives, five research questions were formulated. They are presented in 

Table 1.1. 
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Table 1.1: Research questions addressed in the thesis and applied methods. 

Research 
Question 
(RQ) 

Research Question Applied Method Chapter where 
the RQ was 
explored 

RQ 1 Are there spatial variabilities between 
pastures in Central and Southwestern 
Amazonia associated to seasonality 
differences? 

Field survey and 
data analysis 

Chapter 2 

RQ 2 What are the controls of 
evapotranspiration in pastures of different 
regions in Amazon? 

Field survey and 
data analysis 

Chapter 2 

RQ 3 How does pasture differ from the forest 
on the evapotranspiration control in the 
wet and dry seasons? 

Field survey and 
data analysis 

Chapter 3 

RQ 4 What are the potential effects of 
secondary regrowth after abandonment of 
deforested areas on evapotranspiration 
and water use efficiency 

Field survey and 
data analysis 

Chapter 4 

RQ 5 What are the potential effects of climate 
change and land cover change, including 
secondary growth, on the local hydrology 
and possible impacts on ecosystem 
services? 

Hydrological 
Modeling driven 
by Regional 
Climate Change 
Model 

Chapter 5 
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1.5. Study site and Methods 

 

This study was carried out in the Brazilian Amazon, based on data collected in sites of 

different vegetation types over Southwestern and Central Amazon region and on hydrological 

modeling projections on the Tocantins river basin.  

In Central Amazonia, two sites were selected North of Manaus. The first site is a cattle 

ranch known as Colosso (CO), one of the study sites from the Biological Dynamics of Forest 

Fragments Project (PDBFF, the portuguese acronym) (Gama, 1997). CO is covered by fragmented 

vegetation, of which a pasture (Brachiaria humidicola) and a secondary forest growth, resulted 

from an abandoned degraded pasture, were studied. The second site in Central Amazonia is a 

primary Terra fime rain forest located in the Cuieiras Biological Reserve, known as K34. The 

annual precipitation at Central region varies from 1800 to 2800 mm/year (Tomasella et al., 2008), 

presenting a weak seasonality. The temperature ranges from 19°C to 39°C. 

In Southwesten Amazon, also two sites were selected. One farm ranch called Fazenda Nossa 

Senhora Aparecida (FNS), about 50 km Northwest of Ji-Paraná, Rondônia state, covered by pasture 

(Brachiaria brizantha) (Zanchi et al., 2009) and one site at Jaru Biological Reserve, about 100 km 

north of Ji-Parana, covered by primary forest. The annual average precipitation at both regions 

varies from 1250 to 2500 mm, and presents a well-defined dry season, with less than 50 mm per 

month in the driest 3 months (Von Randow et al., 2004). The temperature ranges from 17°C to 

32°C. K34, FNS and Jaru sites are long-term study sites from the LBA tower network. 

Most of the data of eddy covariance measurements used were available through the LBA 

project, except for the CO pasture and CO secondary forest fluxes, which were collected throughout 

2006 to 2011 as part of this thesis. In CO pasture fluxes were derived from scintillometer 

measurements and meteorological data collected by an automatic weather station, and a full eddy 

covariance tower was installed in CO secondary forest. The locations of these sites were selected to 

provide a good representation of Terra-Firme intact forests, land-use conversions to pastures and 

secondary forest, and also a good sense of differences in dry season responses. While the sites in 

Central Amazon experience year-round rainfall usually above 100 mm/month, in Southwestern 

Amazon dry seasons of up to 4 months are much clearer. 
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Figure 1.1 Sites location: 1) Colosso Secondary Forest; 2) Colosso Pasture; 3) Cuieras Biological 

Reserve; 4) Jaru Biological Reserve; 5) Fazenda Nossa Senhora Pasture; The black line delineates 

Tocantins River Basin. 

 

 

Additionally, hydrological modelling projections in Tocantins river basin were performed 

by MHD-INPE model (Rodriguez and Tomasella, 2016) under climate change scenarios from Eta-

INPE model (Chou et al., 2012; Marengo et al., 2012) and land use and land cover change scenarios 

from LUCC-ME and INPE-EM modeling framework (Aguiar et al., 2012; 2016). Tocantins basin 

was chosen because it is one of the most anthropized basins in the North region of Brazil, and its 

dams are stablished for longer period than others in the region, including Tucuruí, the largest water 

dam in reservoir area in Brazil, with a total energy potential of 26935.83 MW, of which 13252.68 

MW is operational (SIPOT-Eletrobrás, 2018). Tocantins Basin is the hub between the 

North/Northeast and South/Southeast power grids. Thus, it is a representative basin to investigate 

impacts on water supply. Furthermore, land use changes in the lower Tocantins basin are 
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characterized by the replacement of tropical forest by pasture, followed by the abandonment of 

pasture allowing secondary forest regrowth, that are the land cover subjects of this study. Figure 1.1 

shows the studied sites and the modeled basin.  

 

 

1.6. Thesis outline 

 

This thesis consists of six chapters that are summarized in Figure 1.2. In the Chapter 2 the 

spatial and seasonal variability of the evapotranspiration in pasture sites in two regions of Amazonia 

were studied by eddy covariance and scintillometer data analysis. Also, to understand the control of 

evapotranspiration for each site,  it was calculated the decoupling factor proposed by Jarvis and 

McNaughton (1986). A comparison of evapotranspiration and functioning of one pasture and two 

forests on the two different regions in Amazonia was investigated in Chapter 3, also using data from 

eddy covariance measurements and the decoupling factor by Jarvis and McNaughton. Then, the 

daily, seasonal and yearly variations in evapotranspiration and the gross primary productivity of 

carbon and water use efficiency of a 20 year old secondary forest versus a primary forest in Central 

Amazonia were investigated in Chapter 4. All the information collected on Chapters 2, 3 and 4 

helped to feed the vegetation parameters of the hydrological model (MHD-INPE) to run future 

scenarios of climate change and land use and land cover changes on Chapter 5, to investigate the 

possible impacts of those changes on river discharges of an Amazon sub-basin and consequently on 

hydropower, one of the Amazon ecosystem services. 
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Figure 1.2 Overview of thesis structure, with main issues studies throughout the chapters and 

respective methods applied. 
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Chapter 2 

Evapotranspiration of deforested areas in central and 

southwestern Amazonia1 
 

Abstract: Considering the high rates of evapotranspiration of Amazonian forests, 

understanding the impacts of deforestation on water loss rates is important for assessing those 

impacts on a regional and global scale. This paper quantifies evapotranspiration rates in two 

different pasture sites in Amazonia and evaluates the differences between the sites. In both places, 

measured evapotranspiration varies seasonally, decreasing during the dry season. The decrease is 

higher at the southwestern Amazonia site, while at the central Amazonia site, the decrease is less 

pronounced. During the dry season, average values of evapotranspiration are around 2.2±0.6 mm 

day−1 in central Amazonia and 2.4±0.6 mm day-1 in southwestern Amazonia, while during the wet 

season, those values are 2.1±0.6 mm day-1 in central Amazonia and 3.5±0.8 mm day-1 in 

southwestern Amazonia. On an annual basis, the pasture in southwestern Amazonia has higher 

evapotranspiration than in central Amazonia. We conclude that the main reason for this difference 

is the lower available energy in the wet season at the central Amazonian site, combined with a 

lower leaf area index at this site during the whole year. Still, the evapotranspiration is significantly 

controlled by the vegetation, which is well coupled with the local moisture conditions in the dry 

season. 

 

 

  

 

1 This chapter is published as: Von Randow, R. C. S., Von Randow, C., Hutjes, R. W. A., Tomasella, J., & Kruijt, B. 
(2012). Evapotranspiration of deforested areas in central and southwestern Amazonia Theoretical and Applied 
Climatology, 109(1–2), 205–220. https://doi.org/10.1007/s00704-011-0570-1 
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2.1. Introduction 

 

From a global warming and climate change perspective, changes in precipitation and 

temperature in the most vulnerable ecosystems, as well as in those regions with the potential of 

affecting climate on a regional to global scale (teleconnections), are of high concern. Amazonia is 

one of the regions of biggest concerns nowadays, not only because of its importance for the climate, 

but also because the region is under ongoing land use change that can intensify climate change 

through various feedback mechanisms.  

Amazonia represents more than 40% of the remaining tropical rainforest in the world 

(Laurance and Williamson, 2001). This large biome has a strong bidirectional interaction between 

its land cover and the atmosphere, such as the influence of its water flow and evaporation on the 

regional and global climate (Marengo et al., 1994; Zeng, 1998). Amazonian Ecosystems are 

characterized by high evapotranspiration rates, which leads to a recycling of up to 60% of the total 

rainfall within the region (D’Almeida et al., 2007; Franken and Leopoldo, 1984; Salati and Nobre, 

1991; Victoria et al., 1991; Vörösmarty et al., 1989) and they are also responsible for a large 

amount of moisture transport from the Amazon to other regions of South America (Marengo et al., 

2004; Soares and Marengo, 2009). 

Large-scale land use change may significantly affect the moisture regime of the region. The 

deforestation rate in the Brazilian Amazon from August 2009 to July 2010 was 7.0 × 103 km2/year 

on average (PRODES, INPE, http://www.obt.inpe.br/prodes/), fortunately at lower rates than in 

previous years. Studies have shown that replacement of the native vegetation by grass or cropland 

(nowadays the most common is soybeans) affects the climate and hydrological cycle through 

changes in albedo, surface temperature, soil water content, the evapotranspiration regime and runoff 

(D’Almeida et al., 2007; Von Randow et al., 2004).  

Measuring evapotranspiration (ET) on large spatial and temporal scales is not an easy task, 

particularly in Amazonia due to difficult access to the area. Therefore, modeling this process is an 

important strategy for scaling up the measurements. Current models do not yet well represent the 

seasonal and spatial variability of ET in Amazonia. While Global Climate Models (GCMs) show 

the annual cycle of Amazonian ET peaking in the wet season (Dickinson and Henderson-Sellers, 

1988; Werth and Avissar, 2004), recent field observations show that evaporation rates increase in 

the dry season, coincident with increased radiation (Da Rocha et al., 2009; Hasler and Avissar, 

http://www.obt.inpe.br/prodes/


 
 

 
13 

2007). This is presently believed to be caused by the search by forest root systems for water deep in 

the soil during the dry season (Negron-Juárez et al., 2007). Conversely, pastures in Amazonia have 

higher albedo (Bastable et al., 1993) and are very sensitive to soil moisture stress during dry spells 

(Hodnett et al., 1995; Wright et al., 1992), causing evapotranspiration to decline during the dry 

season (Da Rocha et al., 1996; Von Randow et al., 2004). 

Field measurements of energy and water surface fluxes have been conducted since the early 

1980s in Amazonia (e.g. Shuttleworth et al., 1984). Recently, Da Rocha et al., (2009) summarized 

results from the Large Scale Biosphere-Atmosphere Experiment in Amazonia (LBA) tower 

network. While these measurements have been of crucial importance for understanding the 

functioning of the forest-atmosphere interaction and for improvement of models, several aspects 

related to the effects of spatial variability of land use change on evaporation remain poorly 

understood. For example, there is still a lack of studies with long term field measurements in 

deforested areas and of comparative studies of different deforested sites. 

The objective of the current study is to present measurements and calculations of 

evapotranspiration for two pasture sites in Amazonia and to evaluate the differences between them. 

Another related objective of this study is to provide modeling parameters for additional sites in 

order to address the need of the modeling community to better simulate the spatial variability of this 

vegetation type in the Amazonian region. 
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2.2. Site Description 

 

This work is based on data from two sites in the Brazilian Amazon. The first data set was 

collected in a pasture site located in one of the study areas of the Biological Dynamics of Forest 

Fragments Project (in Portuguese Projeto Dinâmica Biológica de Fragmentos Florestais, PDBFF – 

Portuguese acronym) in a cattle ranch known as Colosso (hereafter CO). CO is about 90 km north 

of Manaus, Amazonas state, Brazil, in Central Amazonia (Figure 2.1). The site was deforested in 

the 1970s and it was subsequently seeded with brachiaria humidicola (Nee, 1995). Although the 

precipitation regime in the area is characterized by a relatively weak seasonality, two distinct 

seasons are perceived: rainy (starting in November to May) and dry (August to October), and the 

annual totals vary from 1800 to 2800 mm per year (Tomasella et al., 2008). The annual average 

precipitation during our monitoring period (November 2005 to November 2008) was 2792 mm yr-1 

(Figure 2.2a), so we are analyzing relatively wet years for CO in this study. The climate of the area 

is considered Af according to the Köppen classification (tropical rainforest climate), with 

temperature varying from 19°C to 39°C.  

The topography in the Manaus area is characterized by a topographic sequence of flat or 

gently sloping plateaus, slopes and valleys. The plateau soils are classified as Latossolos Amarelos 

Álicos, textura argilosa (Soil Taxonomy Xanthic Hapludox, FAO Xanthic ferrasol). On the slopes 

the soils vary from yellow latosols to the eluvial soils known as Argissolos Vermelho-Amarelo 

Álicos (FAO Haplic Acrisol). Finally, the valley bottoms are dominated by Podzóis Hidromórficos 

(Soil Taxonomy Arenic Haplorthod, FAO very sandy Haplic Podzol) (Chauvel et al., 1987; 

Chauvel, 1982; Ranzani, 1980). More information on the geology and topography of the Manaus 

area can be found in the work of Tomasella et al., (2008). Soil texture is very clayey up to 2 m 

depth in the plateau area, increasing from 78.5 ± 0.4 % at 0-5 cm to 92.2 ± 0.2 % at 160-200 cm 

(Marques, 2009). The bedrock was not encountered within the upper 45 m in the plateau and 35 m 

in the slope, both accessed by a borehole that was drilled to monitor groundwater levels. 

The second data set was collected at a pasture site in Southwestern Amazonia, as part of the 

Large Scale Biosphere Atmosphere Experiment in Amazonia (LBA). The site is a farm called 

Fazenda Nossa Senhora Aparecida (hereafter referred as FNS) also deforested in the late 1970s 

(http://lba.cptec.inpe.br/lba/prelba/abracos/climate.html) for cattle grazing. FNS is located about 

50km northwest of Ji-Paraná, Rondônia state, Brazil (Figure 2.1). The precipitation presents strong 

http://lba.cptec.inpe.br/lba/prelba/abracos/climate.html
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seasonality, with monthly totals of over 200 mm during the rainy season (November to April) and 

monthly totals rarely reaching 20 mm during the dry season (from June to August). Usually, in July, 

the monthly precipitation is less than 5 mm (Nobre et al., 1996). This monthly minimum value 

differs significantly from the dry season monthly values in Central Amazonia, which at the CO site 

presented a minimum of 45 mm. Annual total precipitation varies from 1250 to 2500 mm 

(Rodriguez et al., 2010). The annual average precipitation during the period of January 1999 to 

December 2002 was 1744 mm yr-1 (Figure 2.2b), which is within the climatological range of 

precipitation for the region. We are comparing a normal period in SW Amazonia with a wet period 

in Central Amazonia. In section five we will discuss the implications of this comparison on our 

results. The climate is equatorial, warm and moist. Based on a climatology of conventional 

meteorological data collected in Ouro Prêto D’Oeste, 20km from FNS, the temperature in the region 

varies from around 17°C to 32°C. 

 

Figure 2.1 Location of Colosso and Fazenda Nossa Senhora sites 

 

In the Rondonia area, particularly at FNS, the topography is generally flat. The soil was 

classified as medium textured red-yellow podzol (Podzólico vermelho amarelo A moderado textura 

média – Brazilian Soil Taxonomy, typic paleudult – or orthic acrisol – FAO). Soil textures varies 

from sand to sand/loam, with clay contents increasing with depth. At 1 m and 1.5 m the texture is 

sandy clay loam. Between 1 m and 2 m, the soil is gravelly, merging into saprolite below 2 m. 
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Detailed information about the soil texture is found in (Hodnett et al., 1996). The bedrock was not 

encountered within the upper 3.8 m of the profile. The altitude of the region is 200 m above sea 

level.  

 

Figure 2.2 Monthly total precipitation at a) CO, from January 2006 to December 2008, averaging 

2792 mm/yr and b) FNS from February 1999 to December 2002, averaging 1744 mm/yr. The 

shadow indicates the dry season. 

 

2.3. Methodology 

 

For practical reasons, we assessed the evapotranspiration at the two sites using two different 

approaches. At the CO site (Central Amazonia) we used a Large Aperture Scintillometer (LAS) to 

estimate sensible heat flux, estimating evaporation by forcing the closure of the energy balance. At 
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the FNS site (Southwestern Amazonia) the evapotranspiration was estimated directly through an 

eddy covariance (EC) system. In the following subsections we describe the two measurement 

approaches and the scaling methods that were used.  

 

2.3.1. Measurements 

 

An Automatic Weather Station (AWS) was installed on the plateau of the CO site, recording 

data from March 2005 to December 2008, with averaging intervals of 30 minutes. Precipitation was 

measured near the AWS with 0.25 mm resolution during the same period. The evapotranspiration at 

the CO site was estimated using a Large Aperture Scintillometer (LAS) installed on the plateau in a 

short campaign from September 2007 to February 2008. The receiver was installed at the AWS and 

the emitter was positioned about 450 m from the receiver, over the plateau on the opposite side of a 

small valley. A table with the list of deployed instruments is presented in the appendix (Table S2.1).  

Micrometeorological measurements were complemented with auxiliary measurements of 

soil moisture and vegetation characteristics such as leaf area index (LAI). The LAI was measured in 

a single field campaign in the beginning of February 2008 (wet season), applying a destructive 

method. We chose one spot of one square meter on each topographic element of the scintillometer 

path, totaling five spots. All biomass, including stems and dead leaves, were cut and weighed. 

Beside each spot, a small sample of the grass was also taken and weighed, the green leaves were 

flattened and dried and the area was measured with a leaf area index measurer (model LICOR 

3000A). LAI is the result of estimated leaf mass times specific leaf area. After accounting for leaf 

area loss after drying the samples, the estimated LAI for Colosso is 0.77, considering only the green 

leaves, without the stems. 

Data at FNS were collected by an AWS, providing measurements of all weather variables, 

also in 30 minute intervals. All the measurements collected at CO were also collected at FNS. 

Evapotranspiration was measured by an eddy correlation system. All details about the eddy 

covariance system and other instrumentation at FNS can be found in the work of von Randow et al., 

(2004).  
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2.3.2. Data Analysis 

 

2.3.2.1. Large Aperture Scintillometer calculations  

In the first method, evapotranspiration is a direct outcome of the energy balance equation. 
The scintillometer measures the sensible heat flux (H) along the path through which its beam 

passes. With additional measurements of net radiation (Rn) and soil heat flux (G), latent heat flux 

(λE) is obtained from the residual of the energy balance equation. 

Detailed explanations of how the scintillometer functions can be found in the work of 

Hemakumara et al. (2003), Hill (1992), Meijninger et al. (2002) and Wesely (1976), among others. 

Here, we give a brief explanation of how the sensible heat flux is obtained from the scintillometer 

measurements, which were made by a LAS (LAS 150, Kipp & Zonen, Delft, The Netherlands). 

A scintillometer is an instrument that can measure the ‘amount’ of scintillations by emitting 

a beam of light over a horizontal path. The scintillations ‘seen’ by the instrument are expressed as 

the structure parameter of the refractive index of air (Cn
2), which is mainly related to fluctuations in 

the air temperature and humidity.  

Because humidity related scintillations in the visible and near-infrared region are much 

smaller than temperature related scintillations, we can estimate the structure parameter of 

temperature CT
2 from the measured Cn

2 from the expression 

 

𝐶𝐶𝑇𝑇2 ≈ 𝐶𝐶𝑛𝑛2 �
𝑇𝑇2

−0.78∙10−6 𝑃𝑃
�
2
�1 + 0.03

𝛽𝛽
�
−2
     (2.1) 

where P is the atmospheric pressure, T is the air temperature and β is the Bowen ratio, which 

provides a correction for humidity related scintillations. 

 

Once 2
TC is known, the sensible heat flux (H) can be derived from a universal function ψTT 

that is based on Monin-Obukhov Similarity theory (MOS). 

 

 
𝐶𝐶𝑇𝑇
2(𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿−𝑑𝑑)2/3

𝑇𝑇∗2
= 𝜓𝜓𝑇𝑇𝑇𝑇 �

𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿−𝑑𝑑
𝐿𝐿𝑀𝑀𝑀𝑀

�      (2.2) 
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where d is a zero-displacement height, zLAS is the effective height of the scintillometer beam above 

the surface along the path (Hartogensis et al., 2003), LMO is the Obukhov length and T* is a 

temperature scale defined as  

    𝑇𝑇∗ = −𝐻𝐻
𝜌𝜌 𝑐𝑐𝑝𝑝 𝑢𝑢∗

      (2.3) 

In the latter equation, ρ is the air density, cp is the specific heat of air and u* is the friction 

velocity. In this work we adopted ψTT (ζ) = 4.9 (1 – 9ζ)-2/3 (ζ < 0, ζ= (zLAS-d)/LMO), after De Bruin 

et al., (1993). 

Note that the LAS provides only 2
TC and a measurement of u* is necessary. We use wind 

speed measurements and flux profile relationships to estimate u*. 

Since the choice of roughness length may have a significant influence on LAS calculations, 

and the determination of the grass height that affects the air flow in the LAS path is not 

straightforward, we estimated an uncertainty associated with this parameter by calculating the 

difference resulting from different grass heights. The grass height at the site is around 10 cm, with 

some branches reaching up to 50 cm. The resulting impact on the final calculations of λE from this 

range was around 8%. This uncertainty was added to the final λE values.  

The scintillometer measurement is a weighted average of all scintillations along the path, 

with the highest contributions from the middle of the path and the smallest contributions near both 

ends. Figure 2.3 shows a representation of the scintillometer path installed at CO and of the 

normalized weighting function that indicates the sensitivity of the scintillometer measurements. 

 

 

2.3.2.2. Eddy Covariance calculations 

At the second site, FNS, we used an eddy covariance system that directly measures fluxes of 

momentum, energy and carbon dioxide. Eddy covariance at FNS is a closed-path system, composed 

of a three axis sonic anemometer (Solent 1012R2, Gill Instruments, UK) and a fast-response closed 

path infrared gas analyzer (IRGA) (LI-6262, LICOR, USA), recording the micrometeorological 

variables at a sampling rate of 10.4 Hz (Moncrieff et al., 1997). The calculations of the eddy fluxes 

were performed for 30 min intervals using Alteddy software (Von Randow et al. 2004).  
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Figure 2.3 Representation of the topography at Colosso site and the weighting function along the 

scintillometer path (dashed line) 

Gaps in the eddy covariance measurements, either related to instrument failures or 

unfavorable micrometeorological conditions, were filled using the algorithm described by 

Reichstein et al., (2005). The algorithm uses a look-up table method similar to Falge et al. (2001), 

but considers both the co-variation of fluxes with meteorological variables and the temporal auto-

correlation of the fluxes: missing values are replaced by average values obtained under “similar” 

meteorological conditions within a time-window of ± 7 days (or larger time windows when no data 

with similar meteorological conditions are available within the time window; see Appendix 1 in 

Reichstein et al. (2005), for a complete description of the algorithm). 

 

 

2.3.2.3. Comparison of LAS versus EC and Energy balance closure 

Before deploying the LAS in the tropics, we tested the instrument next to an EC system for 

about two weeks in September 2004, over a grassland field near the Cabauw Tower in the 

Netherlands. In order to have a good view of possible artifacts related to the differences of the two 

methods, several regressions between flux estimates were performed. First, the directly comparable 

measurements of sensible heat flux by the two approaches (H_LAS x H_EC) agree well (Table 2.1).  

However, the LAS-estimated latent heat flux (λE_LAS, estimated from the residue of the energy 

balance) overestimates the measured λE from the EC by almost 50% (although with an intercept of 

~ -20 W m-2).  
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During the test period, however, as in many studies, the sum of EC heat fluxes is 

underestimated by about 25 % relative to independent measurements of the available energy 

represented by the remaining terms of the balance Rn – G. Finally, by correcting the EC 

measurements for energy balance closure, either by maintaining the Bowen ratio (H/ λE) as 

measured or estimating λE from the residue of the energy balance, similar to the LAS, the 

comparison of the two instruments showed good agreement (Table 2.1). 

 

Table 2.1: Regressions with LAS-estimated heat fluxes and EC-based measurements over a 
grassland field near Cabauw, the Netherlands 

 Slope Intercept r2 

H_LAS x H_EC 0.95 10.9 0.92 

λE_LAS (residue of EB) x λE_EC 1.47 -19.9 0.88 

λE_LAS (residue of EB) x λE_EC (residue of EB) 0.97 -9.8 0.97 

λE_LAS (residue of EB) x λE_EC 
    (forced closure maintaining Bowen ratio) 

1.04 -28.0 0.88 

 

It is likely that the measured λE_EC misses part of the exchanged water vapor, either due to 

physical limitations of the instrumentation (Massman and Lee, 2002) or losses on scales of the order 

of more than 30 min. Recent studies have shown that the atmospheric boundary layer frequently 

presents slowly moving large eddies caused by strong convective motions and/or local circulations 

induced by surface heterogeneity, and turbulence is organized into ‘turbulent organized structures’ 

(Foken, 2008; Kanda et al., 2004), which are not moved with the wind fast enough to be adequately 

sampled in the time scales usually used in eddy covariance. Since the LAS measures a variable that 

represents a spatial average along the path, it samples a larger number of eddies than the EC in 

shorter time intervals. From the results obtained with the instruments comparison, we conclude that 

after correcting for lack of energy balance closure, the two methodologies are robust for identifying 

possible site-specific differences in our pasture sites. 

The effects of non-closure of the energy balance were also not negligible at FNS and 

typically 0-25 percent of available energy was missing in the fluxes, depending on the season. 

When necessary, the eddy fluxes were adjusted for both H and λE, maintaining the Bowen ratio as 

measured. This approach is preferred when it is likely that the underestimation of the fluxes is 
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caused not by the instrument limitations, but because of a failure to capture low frequency transport 

or advection or from a mismatch between footprint of the flux measurements compared to that of 

the radiation measurements. From previous studies in Amazonia (Finnigan et al., 2003; Von 

Randow et al., 2004), we concluded that this approach is appropriate for FNS. Moreover, we 

performed a sensitivity analyses with the EC measurements using both approaches. In the particular 

case of the FNS site, the corrections with the two approaches resulted in annual ET values that 

differed by less than 5% at FNS.  

 

 

2.3.2.4. Stomatal conductance and ET parameterization 

Complementing the analyses of seasonal variations with the LAS measurements and with 

the objective of estimating annual totals of ET at CO and providing useful information for modeling 

studies, we also analyzed the Jarvis-Stewart parameterization for stomatal conductance. Thus, we 

used the LAS data to optimize the coefficients of the parameterization for conditions at CO. Then 

the calibrated model was applied to the AWS measurements to estimate the ET for the whole period 

available using the Penman-Monteith equation.  

The stomatal conductance parameterization developed by Jarvis (1976), with modifications 

proposed by Stewart (1988) for forest canopies and by Dolman et al., (1991; 1988) for grassland is 

given by 

𝑔𝑔𝑠𝑠 = 𝑔𝑔𝑠𝑠max𝐿𝐿 ∗ 𝑓𝑓(𝑆𝑆)𝑓𝑓(𝑇𝑇)𝑓𝑓(𝐷𝐷)𝑓𝑓(𝜃𝜃)     (2.4) 

where gsmax is the maximum stomatal conductance (m/s), L* is the leaf area index (-), S is the 

solar radiation (W/m2), T is the canopy temperature (oC), θ is the soil moisture content (kg / kg) and 

D is the specific humidity deficit (g/kg), given by the difference between the specific humidity at 

saturation (qsat) and the actual specific humidity (q). The control functions are 

𝑓𝑓(𝐷𝐷) = exp(−𝑎𝑎2𝐷𝐷)      (2.5) 

𝑓𝑓(𝑆𝑆) = (𝑆𝑆/1000)[(1000 + 𝑎𝑎3)/(𝑆𝑆 + 𝑎𝑎3)]    (2.6) 

 𝑓𝑓(𝜃𝜃) = �
0, 𝑓𝑓𝑓𝑓𝑓𝑓 θ < θ𝑤𝑤

(𝜃𝜃 − 𝜃𝜃𝑤𝑤)/(𝑎𝑎4 − 𝜃𝜃𝑤𝑤),  𝑓𝑓𝑓𝑓𝑓𝑓 𝜃𝜃𝑤𝑤 < 𝜃𝜃 < 𝑎𝑎4 
1, 𝑓𝑓𝑓𝑓𝑓𝑓 θ > 𝑎𝑎4

�  (2.7) 
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where θw is the wilting point soil moisture content. Based on the work of Wright et al. (1995), the 

function of temperature is not used in the parameterization because of its weak and uncertain 

influence on stomatal response at these pastures sites. 

A non-linear optimization of the controlling parameters gsmax and a2 – a4 in Equations 4 to 7 

for CO was done by fitting parameterized gs to a set of observed gs. The latter was obtained by 

inverting the Penman-Monteith equation using the λE measured by the scintillometer. Only data 

where the evapotranspiration consisted mostly of transpiration were considered for the optimization. 

The data that could be ‘contaminated’ by free evaporation were ignored by excluding a period of six 

hours after each rain event. As a result, the data used in the optimization had a total of 925 half hour 

measurements. 

The intercepted rainfall was not measured at CO; however, the impact of not considering the 

evaporation effect in the parameterization was tested by comparing the transpiration estimated by 

PM with the scintillometer based measurements (which represent both transpiration and possible 

intercepted evaporation). First, we separated data measured during rain events and 6 hours after 

each event, assuming these would be when the evaporation of intercepted rain would be most 

significant. Then, we compared the PM estimates with LAS measurements in these conditions and 

in “rain-free” periods. The linear regressions showed that the difference between the angular 

coefficients in both cases is 0.01. This indicates that the evaporation of intercepted rain is a very 

small fraction of the total evapotranspiration.  

The dry season at FNS is from June to August, but in order to compare the 

evapotranspiration measured at FNS with the evapotranspiration derived from scintillometer 

measurements at CO, we selected the period from July to September at FNS to avoid any remaining 

signal from the previous wet season and also because September is the period in which the 

vegetation is likely to be under stress. We compared these data with the months in which data from 

the dry season are available at CO: September and October. We chose the three wettest months at 

FNS - January, February, and March - to use in the analysis and comparison between the wet 

seasons of the sites. The analysis at CO was based on the available data: December, January and 

February.  
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2.3.2.5. Decoupling factor 

To investigate to what extent the vegetation at the site controls the transpiration, compared 

to conditions where the evapotranspiration is decoupled from the surface and limited by the 

available energy, we calculated the decoupling factor (Ω) proposed by Jarvis and McNaughton 

(1986), defined as 

𝛺𝛺 = �1 + 𝛾𝛾
𝛥𝛥+𝛾𝛾

𝑟𝑟𝑠𝑠
𝑟𝑟𝑎𝑎
�
−1

      (2.8) 

where rs is the surface resistance and ra is the aerodynamic resistance. Values of Ω vary between 0 

and 1, with values close to 0 indicating a strong coupling between the evapotranspiration and 

vegetation controls, according to atmospheric conditions, and values close to 1 indicating 

decoupling, where evapotranspiration is mainly limited by the available energy. 

At CO, we assumed neutral atmospheric conditions to calculate ra because we do not have 

continuously measured sensible heat flux or wind speed and temperature profiles in order to 

calculate the atmospheric stability. 

 

 

2.4. Results  

 

2.4.1. Seasonal variations of evapotranspiration 

 

Ten-days running means were calculated for a better visualization of the intraseasonal 

variation of the evapotranspiration at the CO and FNS pastures. Data gaps at CO were filled based 

on the results of a linear regression between the scintillometer data and the net radiation. We 

divided the period to be completed according to the short periods of available scintillometer data 

and applied one linear regression for each period. These linear regressions had slopes varying from 

0.45 to 0.60 and R2 varying from 0.82 to 0.92. To evaluate the effect of the dry season on the 

evapotranspiration at both sites, we present the resulting data series and the respective 10-day 

running means from September 2007 to February 2008 for CO (the whole period of available LAS 

data) and the period from April 1999 to March 2000 for FNS in Figure 2.4. Precipitation and soil 

moisture content from 0 to 2 m depth are also shown. The seasonal behavior of evapotranspiration 
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was not significantly different between the years of available data at FNS, with a difference in the 

totals of up to 5%  between 1999 and 2000, and less than 1% between 2000 and 2001.  

 

 

Figure 2.4 Daily evapotranspiration (dots) and 10-day running mean (line) a) derived from 

scintillometer measurements at CO and b) measured by eddy correlation at FNS. The shaded area 

represents months during the dry period selected to avoid the remaining signal from the previous 

wet season. Y-axes on the right indicate measurements of 10-day accumulated rainfall (inverted 

bars) and soil moisture content (open circles) in the top 2 m of the soil 
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Evapotranspiration at CO is likely to present seasonal behavior, with higher values during 

the wet season and a reduction during the dry season (Figure 2.4a), although the seasonal variations 

in soil moisture are small. However, values between 2 and 3 mm day-1 from the previous wet season 

were maintained well into September. After that period the values started to decrease and reached a 

plateau minimum in the first half of October. At the end of October they started to rise again with 

the beginning of the following rainy season. The data already reached the peak plateau of the 

subsequent wet season in the beginning of November.  

Seasonal variation of evapotranspiration is more evident at FNS than at CO, since at CO the 

evapotranspiration remained low during both dry and wet seasons in comparison with FNS (Figure 

2.4b). Although CO presents a decrease during the dry season, FNS has a quicker response to the 

decrease in rainfall and soil moisture, since precipitation starts to decrease in March, and this 

decrease is immediately reflected in the evapotranspiration. On the other hand, a similar fast 

response to the beginning of the wet season is present at CO and FNS. Values of evapotranspiration 

already started to increase in the transition from dry to wet season, in the last days of August. The 

values reached the peaks of the subsequent wet season in the beginning of November at both sites. 

During the period of study, the daily evapotranspiration at CO, estimated using the LAS, 

ranged from around 0.5 to 3.5 mm day-1. Daily evapotranspiration at FNS varied in from 0.6 to 6.2 

mm day-1 during the three years analyzed in this study. Table 2.2 presents the average daily 

precipitation and evapotranspiration, with respective standard deviations, for dry season, wet season 

and calendar years for the two sites. Differences in average evapotranspiration during the dry 

season were not so significant between the two sites. However, ET is significantly higher at FNS 

during the wet season. In the discussion section we investigate what the main drivers of ET at both 

sites are, to identify the reasons why FNS presents a high seasonality in ET while CO maintains low 

rates of ET during the whole year. 
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Table 2.2: Average of daily precipitation and evapotranspiration, with respective standard 
deviations in parenthesis, for dry season, wet season and calendar years (mm.day-1) 

Period at CO CO  FNS Period at FNS 

 P ET P ET  

Dry season 3.92 2.15 (0.61)  2.71 2.41 (0.62) Dry season 

Wet season 10.46 2.13 (0.63)  7.89 3.50 (0.84) Wet season 

Jan-Dec 2006* 7.32 1.94 (3.16)  4.26 2.98 (0.94) Feb-Dec 1999 

Jan-Dec 2007* 7.22 2.11 (3.37)  4.85 3.14 (0.91) Jan-Dec 2000 

Jan-Dec 2008* 8.41 2.12 (3.37)  5.13 3.17 (0.98) Jan-Dec 2001 

2006-2008* 7.65 2.06 (3.30)  4.76 3.10 (0.95) 1999-2001 

 

 

2.4.2. Factors controlling evapotranspiration 

 

We identified the main drivers of evapotranspiration during the wet and dry seasons by 

calculating the decoupling factor (Ω) proposed by Jarvis and McNaughton (1986) (Equation 8). 

Figure 2.5 shows the diurnal cycle of Ω during the dry and wet season for CO and FNS. In the dry 

season, Ω presented a similar pattern and magnitude at both sites, with maximum values during the 

morning varying between 0.5 and 0.6 at CO, and of around 0.6 at FNS. After 8:30 am at CO and 

9:30am at FNS, the values were lower than 0.5 and decreased with time, reaching zero at 6:00pm at 

both sites. In the wet season, the pattern and magnitudes differed between the two sites. On one 

hand, CO did not present a strong seasonality, with wet season values around 0.1 higher than in the 

dry season during almost the entire day, except for some periods in the morning when the values of 

the wet season were coincident with those of the dry season, and sometimes lower than in the dry 

season. On the other hand, Ω had a more parabolic diurnal cycle at FNS, increasing during the 

morning and decreasing during the afternoon, with an average higher than 0.5. 
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Figure 2.5 Hourly median (local time), first and third quartiles of the decoupling factor for the dry 

and wet seasons at a) CO and b) FNS 

 

To further discuss the seasonal variation of ET at both sites, we analyzed the differences in 

the energy available for evapotranspiration. Hourly averages of net radiation at CO were higher 

than at FNS during the dry season, with a maximum difference of 136.6 W m-2 around 10am. 

However, the opposite pattern occurred in the wet season, when net radiation at CO was lower than 

at FNS, with a maximum difference of 131.8 W m-2 around noon (Figure 2.6). Rn at CO was lower 

than at FNS not only during the beginning of wet season (period of data available from 

scintillometer), but also during the whole wet seasons of the years from 2006 to 2008 (not shown). 

Therefore, this difference is not related to the period of the data used for comparison with FNS. 

 

  

Figure 2.6 Average daily pattern of net radiation at CO and FNS for analyzed periods in the a) 

three driest months and b) three wettest months 
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2.4.3. Parameterization of stomatal conductance 

 

In order to know the total evaporation rate during an entire year we needed to extend the 

estimation of the evapotranspiration for the period that the scintillometer was not operable using a 

parameterization. For this, we applied the Jarvis Stewart model (Equation 4) with the coefficients 

adjusted by Wright et al. (1995) for Fazenda Dimona (Table 2.3) to parameterize the surface 

conductance at CO. Fazenda Dimona is a pasture site about 20 km from CO. Substituting the value 

of the leaf area index for Fazenda Dimona (1.2) by the value measured at CO (0.77), we obtained 

the value of the coefficient gsmax as 19.7. We compared the results obtained from this estimate with 

the data derived from the scintillometer, considering only scintillometer data from days with the 

whole daytime period available. The comparison of the results showed that the values from the 

parameterization proposed by Wright et al. (1995) were higher by around 20% than the values 

derived from the scintillometer measurements (Figure 2.7a and Figure 2.8a). 

 

Because of this overestimation, we adjusted the Jarvis-Stewart model to the CO conditions 

through a non-linear optimization (Table 2.3). The wilting point used here was the same as at 

Fazenda Dimona, 0.33. 
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Figure 2.7 Evapotranspiration derived from scintillometer data (grey bars) and from the Penman-

Monteith equation (black bars) a) with parameters adjusted by Wright et al. (1995) to Fazenda 

Dimona applied to data of CO and b) using the Jarvis Stewart model optimized for CO site 

conditions 
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Table 2.3: Optimized parameters of Jarvis–Stewart model for surface conductance, for different 
pasture sites in Amazonia 

Model gsmaxL*a1
 F(D) a2 F(S) a3 F(θ) a4 θ w R2 LAI 

Fazenda Dimona (Wright et al., 1995) 

 30.70 0.0369 470 0.428 0.33 0.817 1.2 

Fazenda Nossa Senhora (Wright et al., 1996) 

Mission 3 17.8 0.780 367 0.240 0.15 0.772 2.0 d 

Mission 4 & 5 37.1 0.1186 846 0.250 0.15 0.671 2.0 d 

Mission 3, 4 & 5 33.1 0.1127 671 0.259 0.15 0.562 2.0 d 

Colosso (This study) 

 21.04 0.0899 616.44 0.490 0.33 0.31 0.77(0.11) 

Mission 3 is the transition from dry season to wet season and Missions 4 and 5 are in the transition from wet 
to dry season at Fazenda Nossa Senhora.  
d Zanchi et al. (2009) 

 

The coefficient a1 is the maximum conductance per unit ground area (mm s-1). Its optimized 

value for CO is lower than for Fazenda Dimona and FNS (except in the transition from dry to wet 

season at FNS). 

The specific humidity deficit is the principal hourly control in this model at tropical pasture 

sites (Wright et al. 1995). The specific humidity deficit parameter a2 obtained for CO is lower than 

the one obtained for FNS but is higher than for Fazenda Dimona. This means that the parameterized 

surface conductance is more sensitive at FNS and CO than at Fazenda Dimona. The surface 

conductance is reduced to half of its maximum at a specific humidity deficit of about 7 - 8 g kg-1 at 

CO. Although the variability of the a3 parameter appears to be high among the sites, the stomatal 

response to solar radiation for the three sites was very similar. 
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Figure 2.8 Relationship between daily evapotranspiration estimated through a  large aperture 

scintillometer measurement and estimated by the Penman-Monteith equation a) using parameters 

adjusted by Wright to Fazenda Dimona applied to data from CO and b) using Jarvis Stewart model 

optimized for CO site conditions 

 

The soil moisture parameter a4 indicates the threshold soil moisture content at which 

transpiration begins to be attenuated by soil tension, and gives the model its principal seasonality 

(Wright et al. 1995). The optimized critical soil moisture obtained for CO was 0.49 kg kg-1, which 

is higher than at FNS and Fazenda Dimona. This means that soil tension will affect the transpiration 

earlier at CO than at FNS, for higher soil moisture content. 

Figures 2.7b and 2.8b show that the result of the optimization fitted better to scintillometer 

measurements than the results using the coefficients adjusted for Fazenda Dimona. The 

optimization results underestimated the scintillometer based results by around 5%. 

Annual evapotranspiration was around 25% to 30% of annual precipitation at Colosso, while 

annual evapotranspiration measured at FNS varied from around 60% to 70% of annual precipitation 
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(Table 2.2). This difference may be due to the difference in the amount of precipitation between the 

two sites and also to the low LAI at CO. 

 

 

2.5. Discussion 

 

2.5.1. Implications of the difference of wet and normal years for CO and FNS 

evapotranspiration 

 

The reduction of evapotranspiration at pasture sites during the dry season corroborates the 

results of previous works ( Von Randow et al., 2004; Wright et al., 1996). Since precipitation 

during the study period at Colosso is at the high end of the climatological range for the region, 

while the precipitation during the period of study at FNS is within the climatological average, we 

could assume that we are comparing a wet period at CO with a normal period at FNS. Thus, we 

could expect that the evapotranspiration at CO would be higher than at FNS. However, this was not 

found in the comparison of the two sites. Although CO site is located in a wetter region and the 

analyzed period was wetter than the climatology, evapotranspiration rates were lower than those 

from FNS site. This means that evapotranspiration at CO, in average or dry years, may be even 

lower than what we measured in this work. 

 

2.5.2. Seasonal variation of evapotranspiration 

 

Although the evapotranspiration presents seasonal variations at both sites, responses to 

rainfall seasonality were clearer at FNS than at CO. At the former, seasonal variation of 

precipitation and the length of dry season are greater than at the latter. In fact, even a simple 

definition of a dry season in Central Amazonia may be slightly arbitrary, since there is still a 

substantial amount of rain in the driest months and soil moisture content in the top layers of the soil 

usually does not show a clear reduction on seasonal scales (Figure 2.4a). Additionally, although 

evapotranspiration at CO drops in the late dry season, it is generally low throughout the year (as low 

during many days in the wet season as in the dry season) compared to other sites in Amazonia. 
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Values of the previous wet season of around 2-3 mm day-1 were maintained through September, 

reaching a minimum in the first half of October, the last month of dry season. In the end of this 

month, the evapotranspiration started to increase, already reaching the level of the previous wet 

season at the beginning of November. 

At CO, the rainfall started to decrease in June and the evapotranspiration values dropped 

after September 20, that is, almost four months after the rainfall started to decrease. On the other 

hand, at FNS, the evapotranspiration values already started to decrease in April, the last month of 

wet season. Thus, the effect of the decrease of rainfall had a higher effect on the evapotranspiration 

at FNS than at CO.  

 Hasler and Avissar (2007) also examined the seasonal behavior of two pasture sites (FNS in 

Rondônia and Fazenda São Nicolau in Mato Grosso, located in Southwestern Amazonia) and of six 

primary forest sites throughout Amazonia. After correcting for the lack of energy balance closure, 

the authors showed that the latent heat flux of the two pasture sites also presented the same seasonal 

cycle, decreasing in the second half of the dry season. By contrast, at forest sites, evapotranspiration 

increased during the dry season. Similar results were also found by Da Rocha et al., (2009) and 

Costa et al. (2010). The combination of evergreen or semidecidous leaf phenology, extensive root 

systems and the ability to extract soil moisture from deep layers in the soil apparently allows sites 

dominated by well-established forest to maintain high rates of ET throughout the dry season (Da 

Rocha et al., 2009), reaching higher total evaporation due to higher available energy (less cloudy). 

Since pastures do not present those characteristics, it is evident that they suffer the reduction of 

moisture in the shallow top layers of the soil during the dry season (Hodnett et al., 1996).  

 

 

2.5.3. Factors controlling evapotranspiration 

 

The decoupling factor (Ω) proposed by Jarvis and McNaughton (1986) was calculated to 

identify the main drivers of evapotranspiration at CO and FNS (Figure 2.5). The diurnal cycle of Ω 

during the dry season presented a similar pattern and magnitude at both sites, where  Ω was lower 

than 0.5 in the most part of the day. These values showed that during the dry season, both sites have 

vegetation that is relatively well coupled to atmospheric conditions and that evapotranspiration is 

largely controlled by the stomata. In the wet season, the pattern and magnitudes differed between 
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the two sites. While CO did not present strong seasonality, with values that are likely the same for 

the dry season, Ω at FNS presented a more parabolic diurnal cycle, increasing during the morning 

and decreasing during the afternoon, with an average higher than 0.5. These results suggest that 

during the wet season, evapotranspiration at CO is still significantly controlled by the stomata, 

while at FNS evapotranspiration is mainly limited by the available energy. Thus, during the wet 

season, vegetation at CO is likely to be coupled to the atmospheric conditions, while at FNS the 

vegetation is likely to be decoupled from atmospheric conditions.  

In the analyses of the differences in the energy available for evapotranspiration, the 

reduction of Rn during the wet season is a characteristic only observed at CO, since FNS did not 

present such a large variation of Rn between dry and wet seasons. The higher seasonality at CO can 

be related to high albedo or low incoming solar radiation in the wet season. Our measurements (data 

not shown) showed a reduction of 25% in the average daily incoming solar radiation during the wet 

season in relation to the average in the dry season. This reduction was significantly higher than the 

reduction in incoming solar radiation at FNS, which was only 5% (von Randow et al. 2004). Albedo 

at CO was not measured. Nevertheless, we presume that albedo is not responsible for the reduction 

of Rn at CO because the reduction happened during the wet season. During this season, the soil 

becomes wetter and consequently darker than in dry season and the vegetation also grows faster, 

covering more open bare soil. In these situations, albedos are generally lower than usually found for 

light, dry and bare soils.  

Another factor that might affect the ET is the amount of nutrients available in the soil, 

leading on one hand to reduced growth (i.e. biomass and LAI) and on the other to reduced leaf 

nitrogen levels, reducing photosynthesis and thus stomatal opening. It is known that deforestation 

leads to losses of nutrients through fire, erosion, soil emissions of gases, harvesting and hydrologic 

leaching in Amazonia. When land is used for cattle grazing, additional losses occur with harvest 

and because fire is used as a pasture management tool (Davidson et al., 2007). Hypothetically, 

forest to pasture conversion is likely to lead to a rise of soil pH, effective cation exchange capacity 

and exchangeable calcium. On the other hand, this conversion might lead to a decline of total 

carbon, nitrogen and inorganic extractable phosphorus content. It is also possible that higher  

nutrient utilization efficiencies occur where soil nutrient pools are lower (McGrath et al., 2001). 

Asner et al. (2004) showed that aboveground and soil carbon stocks decreased with pasture 

age in both clayey and sandy soils in Southwestern Amazonia and plant biomass declines were 

correlated with declines in soil carbon (C), available phosphorus (P) and calcium (Ca). In order to 
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analyze whether the low evapotranspiration at CO is related to low plant biomass/LAI as a result of 

low nutrient contents, we compared the measurements of C, P and nitrogen (N) by Marques (2009) 

at CO with the results presented in a review done by McGrath et al. (2001). The latter authors 

compiled results of studies of 100 different sites, comparing the nutrient and carbon content in the 

soil within groups of different types of vegetation and groups of same soil order. The comparison of 

values of total exchangeable P, N and C measured at CO and at pastures presented by McGrath et 

al. (2001) do not show significant differences (Table 2.4). Therefore, the soil nutrient and carbon 

contents do not explain the low biomass and LAI and resulting low evapotranspiration at CO. 

Thus, since we observed that Ω is lower than 0.5 during both dry and wet seasons at CO, 

indicating that the ET is well coupled to the local atmospheric humidity conditions, and that Rn is 

significantly reduced in the wet season, we suggest that the reasons for the absence of high 

seasonality of ET at CO are the low available energy in the wet season and a drop in the ET at the 

end of the dry season, probably related to the incapability of the vegetation to reach water in the 

soil. 

 

Table 2.4: Total values of carbon, nitrogen, and extractable phosphorus in the soil at CO and means 
of 32 oxisols and 21 pastures in Amazon 

 Total Carbon in the soil 
(g.kg-1) 

Total Nitrogen in the soil 
(g.kg-1) 

Extractable Phosphorus 
 (mg.kg)-1) 

CO pasture (Marques, 2009)a 

 37.5 2.5 3.7 

Pasture group (McGrath et al., 2001) 

 31.2 (4.9)c 2.2 (0.3) 4.1 (0.6) 

Oxisols group (McGrath et al., 2001)b 

 37.0 (3.5) c 2.4 (0.2) 3.1 (0.4) 
McGrath measurements are means from 0-20cm 
a C and N are means of 0-5cm and 5-10cm values 
b Oxisols order is the correspondent order to the soil taxonomy of CO 
c Soil C is measured from 0-10cm 
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2.5.4. Spatial variability and derivation of ET by scintillometer 

 

On one hand, the low values of evapotranspiration at CO in comparison with at FNS were 

explained by lower values of Rn and LAI at CO than at FNS. On the other hand, those differences 

could also be artificially induced by the use of scintillometer data to derive latent heat fluxes and to 

calibrate the Jarvis Stewart model. The scintillometer considers the whole path (450 m, see Figure 

2.3) to measure the sensible heat flux, while the other components of the energy balance (net 

radiation and soil heat flux) used to derive the latent heat flux were point measurements. The 

scintillometer path includes not only the plateau, where the point measurements of the tower are 

taken, but also slope and valley areas, the latter being wetter than the others. This wet part of the 

path can have high LAI, low albedo and low soil heat flux. Therefore, the available energy may be 

higher in the valley than on the slope and plateau. Using measurements of only the plateau can lead 

to an underestimation of the available energy of the whole area, and consequently, we could be 

underestimating the latent heat flux of the site.  

Since we do not have measurements in the valley, we cannot quantify the value of errors 

induced due to neglecting the effect of the valley. But, based on the size that each terrain element 

represents in the path, we can perform a thought experiment to qualitatively estimate this amount. 

Based on the weighting function of contributions to the scintillometer measurements (Figure 2.3), 

we estimate that the valley contributes only ~ 20% to the areal average performed by the 

scintillometer. Assuming that the available energy (Rn-G) in the valley is approximately 15% 

higher than in the plateau − this is the difference of available energy between dry and flooded 

conditions in a wetland in central Brazil we estimated based on data shown by Oliveira et al. (2006) 

− this would represent only a 3% increase in the weighted mean of the available energy for the 

whole path. Therefore, we estimate that the error in our calculations due to neglecting the spatial 

variability in the scintillometer path is small. 
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2.6. Conclusions 

 

This article presented measurements and calculations of evapotranspiration from two pasture 

sites, one in Central Amazonia (CO) and one in Southwestern Amazonia (FNS). Evapotranspiration 

presents seasonality at both sites, decreasing during the dry season in response to the reduction of 

precipitation. Nevertheless, the CO site in Central Amazonia presents a late response to the decrease 

of precipitation compared to the FNS site in Southwestern Amazonia, because the reduction of 

precipitation and the length of the dry season are more pronounced in the latter site. On the other 

hand, both sites have a similar quick response to the onset of the rainy season, and the 

evapotranspiration increases immediately with the beginning of the wet season. 

While the evapotranspiration at FNS presents a significant decrease from wet to dry season, 

at CO this decrease is not so significant. Analyzing the factors that might cause these differences 

between the two sites, we obtained that the decoupling factor during the dry season was lower than 

0.5 at both sites, which indicates that the evapotranspiration is significantly controlled by the 

vegetation, which is well coupled with the atmospheric moisture conditions. The same happened at 

CO during the wet season. Nonetheless, the wet season decoupling factor at FNS is higher than 0.5 

during the large part of the time, and this indicates that the radiation conditions are the dominant 

limiting factor of evapotranspiration in this case. Even though no significant differences in soil 

nutrients at CO were found (relative to similar sites in Amazonia) to explain its low biomass and 

LAI, the short grass and lower rates of energy available during wet season cause evapotranspiration 

to be significantly lower than at FNS. 

The results found for the pastures are contrary to the results usually found for pristine forests 

in Amazonia, which present higher ET during the dry season. At pasture sites, the ET decreases 

during the dry season because the soil has a higher propensity to dry when precipitation diminishes, 

and also because the roots in the pasture cannot reach the deep layers in the soil where high 

moisture is maintained. As a consequence, the replacement of forest by pasture may affect the 

regional water cycle. This can change the role of the Amazon in maintenance of moisture in the 

region and the transport of part of this moisture to other regions.  This impact on water recycling is 

even higher during the dry season, since the shallow layers of the soil become dryer in the absence 

of rainfall. 

 



 
 

 
39 

  



 
 

 
40 

  



 
 

 
41 

Chapter 3 

Analysis of biological and meteorological controls of 

evapotranspiration in pristine forests and a pasture site 

in Amazonia2 
 

Abstract: This work studied the behavior and seasonality of evapotranspiration influenced by biotic 

and abiotic factors was studied through analysis of diurnal variation of aerodynamic resistance (ra), 

stomatal resistance (rs) and decoupling factor (Ω). This index was proposed by Jarvis and 

McNaughton, 1986 as an indicative of the control of theses resistances on the evapotranspiration of 

vegetation. Selection of representative data from wet and dry seasons from a primary forest in 

Central Amazonia and a primary forest and a pasture sites in Southwestern Amazonia had shown 

that: (i) ra is about 20 s.m-1 in both forests in both seasons, and ranges from 70 to 100 s.m-1 in the 

pasture site; (ii) rs varies both throughout the day and seasonally, with medians increasing from 40 

in the morning, to 150 s.m-1 in late afternoon, in the wet season in the forests – 50 to 160 s.m-1 in 

the pasture. These values increase in the dry season, with the forests rs ranging from 50 up to 500 

s.m-1 and pasture rs starting from 140 s.m-1 and reaching up to more than 1800 s.m-1 in the dry 

afternoons; (iii) Ω ranges from 0.5 to 0.8 during the wet season, and reduces to values below 0.5 in 

the afternoons during the dry season, indicating that, although a strong influence of net radiation in 

the evaporative loss is present, to a large extent the evapotranspiration fluxes are coupled to the 

biotic control of stomatal closure in the vegetation, especially in the pasture and during dry periods. 

 

2 This chapter is published as: Paulino Junior, N., Von Randow, R. C. S., & Von Randow, C. (2017). Analysis of 
biological and meteorological controls of evapotranspiration in pristine forests and a pasture site in Amazonia. Revista 
Ambiente e Agua, 12(2). https://doi.org/10.4136/ambi-agua.1832 
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3.1. Introduction 

 

The Amazonian rainforest is one of the most important biomes of the planet. It is of great 

relevance to the global climate and biodiversity, and it is considered the largest tropical rain forest 

of the world and a major contributor to surface evapotranspiration (Choudhury et al., 1998), 

influencing the global hydrological cycle and causing impacts in the atmospheric global circulation 

associated to tropical convection.  

Besides being important for maintaining the climate and ecosystem in the region, the 

Amazon forest also has an important role in the climate of different regions of Brazil. The 

Amazonian ecosystem can be considered a source of water for other regions, as a significant 

amount of water vapor that evapotranspirates in Amazonia is transported to centre-west, Southeast 

and South regions of Brazil by low level jets (Arraut et al., 2012; Zemp et al., 2014). 

Although the Amazon forest is recognized as an important component of the regional and 

global climate system, the spatial and temporal variability of its hydrological functions is not 

completely understood, therefore, evaluating the seasonal and spatial variations of the water fluxes 

in the tropics is important (Werth and Avissar, 2004). These variations mainly depend on the 

characteristics of the vegetation, on energy processes and on water availability (Hasler and Avissar, 

2007). The comprehension of vegetation and climate interaction is commonly achieved by field 

measurements and, weather and climate models simulations. These models use variables as wind, 

air and soil temperatures, air humidity and soil moisture to estimate the evapotranspiration through 

aerodynamic conductance and stomatal conductance. Werth and Avissar (2004) presented a review 

of four approaches to estimate the evapotranspiration in Amazonia: the first is the relationship with 

the radiation, the second is the water balance, the third is the global climate and the last is data 

assimilation. They observed the seasonality of ET in two groups: one that follows the seasonal cycle 

of net radiation, and another that follows the seasonal cycle of precipitation. This division motivates 

the following research questions: what controls the seasonal variation of ET in Amazonia? Is it 

mainly related to the available radiative energy or does the vegetation significantly control its 

variability, through its surface conductance that is susceptible to the seasonality of soil moisture?  

Souza Filho et al. (2005) presented in their study evidence that support the idea that the 

radiation and maybe other atmospheric variables, are the main mechanism of control of the seasonal 

variation of ET in the Amazonia, while the vegetation control plays a secondary role on the ET. 
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They used meteorological data from Caxiuanã, in Northeast Amazonia, to calculate the 

aerodynamic and surface conductance and the decoupling factor proposed by Jarvis and 

McNaughton (1986) during dry and wet periods during the wet period the surface conductance is 

higher than during the dry period (Souza Filho et al., 2005). On the other hand, VPD, the 

aerodynamic conductance, and the solar radiation, are higher during the dry period. But, even 

presenting a surface conductance higher during the wet season, the vegetation does not avoid ET to 

be higher during the dry season. From this analysis they concluded that the control of atmospheric 

conditions over ET is dominant, with decoupling factor close to 1 in the wet and dry seasons. 

Da Rocha et al. (2009) investigated the seasonal behavior of the water vapor flux and the 

sensible heat flux in 7 flux towers in Brazil. These tower sites included tropical humid and 

semideciduous forest, transitional forest, floodplain (with physiognomies of Cerrado), and Cerrado 

sensu stricto. The authors observed that the control of the seasonality of ET were different in each 

biome, where the evaporative demand (mainly the net radiation) plays the most important role in the 

tropical humid forests and the soil moisture variation plays the most important role in the Cerrado. 

In a more complete evaluation of differences in control of evapotranspiration in wet forest 

and seasonally dry forests, Costa et al. (2010) found that the wet equatorial sites are mainly driven 

environmental factors, while in seasonally dry forests, ET is also controlled by biotic factors. This 

poses the question of whether the wet equatorial sites will remain largely resilient to dry season 

water stress or may begin to present signs of larger biotic control of water loss by the vegetation in 

case of increasing frequency of extreme dry seasons as predicted by some climate models. 

Moreover, a large fraction of Amazonia is also under pressure of deforestation to pasture or 

agriculture production, and it is interesting to investigate how a vegetation type like pasture grass 

compare to the pristine rainforest in terms of biotic control of evapotranspiration and experiences 

dry season water shortages.  

On such background, the goal of this study was to present the analysis of the diurnal and 

seasonal variations of the aerodynamic resistance, stomatal resistance and the decoupling factor by 

Jarvis and McNaughton (1986) for three sites in Amazonia: a primary forest in Central Amazonia 

and a primary forest and a pasture in Southwestern Amazonia. The data used in the present work are 

measurements of evapotranspiration and meteorological variables. In Central Amazonia, the data 

were collected in the Cuieiras Biological Reserve close to Manaus, AM, while in Southwestern 

Amazonia, the data were collected in the Jaru Biological Reserve and in the cattle ranch, Fazenda 

Nossa Senhora (FNS), close to Ji-Paraná, RO.  
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3.2. Methods and site description  

 

3.2.1. Site Description and Instruments  

 

This study is based on data of three sites in Amazonia. The first is located at Cuieiras Forest 

Reserve, about 50 km north of Manaus, Amazonas state, Brazil. The site is known as K34 (2º 36' 

32'' S, 60º 12' 33'' W) and it is part of the LBA project, which is responsible for the maintenance and 

administration of the site. The second site is located at Jaru Biological Reserve (Rebio-Jaru), about 

100 km north Ji-Parana, Rondonia state, Brazil (10’4”S; 61’56”W). The third site is a pasture 

located about 50 km northwest of Ji-Paraná, Rondonia state, Brazil. The site is a cattle ranch known 

as Fazenda Nossa Senhora Aparecida (FNS) (10º 45' S, 62º 22' W), deforested in the late 1970s. 

The second and third sites are also part of LBA project. 

The K34 site is covered by primary forest, with diverse vegetation and a vast number of 

species. The leaf area index (LAI) of the area is about 5-6. The index is in accordance with that 

estimated by Hasler and Avissar (2007). The climate is classified as Af according to Köpen 

classification (tropical rainforest climate), with temperatures varying from 19 to 39 °C. The rainfall 

regime is divided in two seasons: rainy (starting in November to May) and dry (August to October). 

The annual average of precipitation varies from 1800 to 2800 mm.year-1. More information about 

the climate of the region is found in Araújo et al. (2002). 

Besides conventional meteorological and short and long wave radiation sensors, an eddy 

covariance system is installed at a 53-m high tower measuring the energy, water and carbon fluxes 

of the K34 site. The system is composed by a tridimensional sonic anemometer (Solent 1012R2, 

Gill Instruments, UK) and a fast response infrared gas analyzer (“Infra-Red Gas Analyzer”, IRGA) 

(LI-6262, Li-Cor, EUA). The data was recorded in 10,4 Hz sampling (Araujo et al., 2002).  

The Rebio Jaru is a terra firme forest, with relatively stronger rainfall variability than K34, 

which varies annually from 1250 to 2500 mm. The forest has a mean height of about 35 m, but 

some of the higher trees reach up to 45 m. The air temperature shows no clear seasonal pattern, 

ranging on average between 22 to 27 °C, however a significant drop in air humidity and a reduction 

in rainfall is observed during the dry seasons. The same measurements as in K34 were collected, but 

at the height of 62.7 m (Von Randow et al., 2004). 



 
 

 
45 

The FNS is covered by Brachiaria brizantha (A. Rich.) Stapf. grasses, with average LAI of 

2.0 (Zanchi et al., 2009). The climate of the region is considered equatorial, warm, and moist, with 

temperature varying from 17 to 32°C. The rainfall regime follows the same patterns as in Rebio 

Jaru. The measurements from FNS analyzed in this work are from an automatic weather station 

(AWS) installed in a tower of 5.5 m, providing measurements of the most common meteorological 

variables. The tower counts with a similar eddy correlation system to the one installed at K34. Other 

details of the microclimatology of the region can be found in the work of Von Randow et al. (2004). 

In Rondonia, the topography is generally flat and the soil is classified as medium textured 

red-yellow podzol (Podzólico vermelho amarelo A moderado textura média—Brazilian Soil 

Taxonomy, typic paleudult—or orthic acrisol—FAO). 

 

 

3.2.2. Evapotranspiration 

 

In the evaporation process of a vegetated surface two resistances can be considered as 

controlling factors: the stomatal resistance (rs) and the aerodynamical resistance (ra). In a vegetated 

surface, the path of turbulent diffusion from the surface to the atmospheric boundary layer is 

frequently analyzed through these two resistances. The stomatal resistance is related to the 

physiology of the plant. It is the mechanism that better represents the control of the 

evapotranspiration in the plant. The transpiration in the leaves sum approximately 90% of the water 

loss of the plant (Lambers et al., 2008), what reflects the importance of assessing this resistance.  

The stomatal resistance was calculated by inverting the Penman Monteith equation: 

 

  𝑟𝑟𝑠𝑠 = ��𝜌𝜌𝑎𝑎𝐶𝐶𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉�
𝛾𝛾𝛾𝛾𝛾𝛾

− 𝑟𝑟𝑎𝑎 �1 − Δ𝐻𝐻
𝛾𝛾𝛾𝛾𝛾𝛾

��     (3.1) 

 

where ρa is the air density (kg m-3), Cp is the specific heat of air at constant pressure (Jkg-1 °C-1), 

VPD is given in hPa, γ is the psychometric constant (hPa °C-1), LE is the latent heat flux (Wm-2), ∆ 

is the slope of the saturation vapor curve (hPa °C-1), H is the sensible heat flux (Wm-2). 



 
 

 
46 

On the other hand, the aerodynamic resistance is closely related to the planetary boundary 

layer and to the turbulent atmospheric processes. The aerodynamic resistance can be defined as the 

parameter that represents the resistance to the turbulent activity in the layer of air close to the 

surface. This turbulent activity is responsible for the transport of sensible and latent heat and water 

fluxes.  

The aerodynamic resistance was calculated following Costa et al. (2010) as follows: 

 

    𝑟𝑟𝑎𝑎 = 𝑢𝑢�
𝑢𝑢∗2

      (3.2) 

 

where 𝑢𝑢� is the above canopy mean horizontal wind speed and 𝑢𝑢∗2 is the friction velocity. This 

formulation is simpler than an explicit account of stability effects on the turbulence aerodynamics, 

but we prefer to use it to avoid large possible errors introduced in the calculation of stability 

functions in Amazonia and to make it more comparable to previous works of Hasler and Avissar 

(2007) and Costa et al. (2010). The unity that commonly represents the aerodynamic and surface 

resistances is s.m-1. 

A useful tool to characterize the processes of exchange between the canopy and atmosphere, 

and the control of these processes considering their seasonality is the decoupling factor (Ω) 

proposed by Jarvis and McNaughton (1986) as follows:  

 

   Ω = 1
1+[γ (δ+γ)⁄ ](rs ra⁄ )

     

 (3.3) 

 

The decoupling factor is an index that allows evaluating whether the evapotranspiration 

process is mainly controlled by the vegetation or it is decoupled from the surface and mainly limited 

by the energy available: the closer to 1 the greater the control of the atmospheric conditions (mainly 

available energy), while a value close to 0 indicates a strong influence of vegetation (strong 

coupling between the evapotranspiration and biological activity of stomata opening or closure).  

The analysis in this work comprises the wet and dry periods of 2000. In the three sites, the 

period analyzed was of 90 days, from January to March (wet season) and also 90 days from August 
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to October (dry season). These periods were chosen to represent the seasonality of the sites; 

therefore, we choose the months that most likely the vegetation is subject to contrasting wet/dry 

stress conditions (middle of wet season versus end of dry season).  

All data were recorded in half hourly intervals and the calculations of the eddy fluxes were 

performed using an in-house-developed software written in FORTRAN, which can be adapted to a 

number of different hardware configurations and program options. The program was configured to 

apply two-axis rotations to align the coordinate frame with the mean streamlines and force the mean 

vertical component (w) to zero and to perform standard frequency-response corrections. No 

detrending method was applied to the signals. Generally for these sites and instrumental setup, apart 

from the coordinate rotations, the corrections are relatively small and do not represent large 

uncertainty factors in the final values (Kruijt et al., 2004). 

Based on this information, the aerodynamical and stomatal resistances, and the decoupling 

factor were calculated and only daytime periods (from 8 am to 6 pm) are presented, to focus the 

study on the analysis of time periods where the vegetation control of evapotranspiration would be 

greatest. 

 

 

3.3. Results and discussion  

 

In Central Amazonia, the maximum monthly precipitation registered during the year 2000 

was 458 mm in April and the minimum was 89 mm in August. The total precipitation of the year 

was about 2620 mm. In Southwestern Amazonia, the total precipitation of the year was 1760 mm, 

while the highest monthly precipitation was 274 mm in October (what already indicates the 

beginning of the following wet season), followed by 264 mm in January. The driest month was in 

August, reaching 30 mm. 

Figure 3.1 presents the monthly values of precipitation minus reference evapotranspiration 

(P-ETo), as calculated using FAO standard recommendations (Allen et al., 1998), for the three sites. 

We observe that the sites in Southwestern Amazonia (Jaru and FNS) are subject to drier conditions 

during june through august, with significantly negative values of P-ETo.  

Daily averages of the net radiation in K34 from January to March vary between 24 and 223 

Wm-2 (not shown). This variation is slightly lower in the period from August to October, when the 
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net radiation varied from 59 to 207 Wm-2. Corresponding values in Rebio Jaru vary from 30 to 243 

Wm-2 (wet period) and from 40 to 205 Wm-2 (dry period). In the pasture site, the net radiation 

variation is lower when compared to the forests. The highest variation in daily average net radiation 

in the pasture also happened from January to March, but in a lower range: from 42 to 202 Wm-2, 

and during the dry months (June to August), varied from 37 to 149 Wm-2. 

 

 

Figure 3.1 Monthly totals of the difference between precipitation and reference evapotranspiration 

(P – ETo), computed using FAO standard method.  

 

Results of the measurements of vapor pressure deficit (VPD), aerodynamic resistance (ra), 

stomatal resistance (rs) and decoupling factor (Ω), during wet and dry season periods, are presented 

in Figures 3.2 to 3.4. Each point in the line graphs is the median of observed values at each half 

hour, and the bars present the interval between the first and third quartiles. In this way, the values 

presented within the bars include 50 percent of the observations at each time. 

Figure 3.2 shows the diurnal median values for the K34 forest site, which is located in 

Central Amazonia (Amazonas state). Figures 3.3 and 3.4 show the same variables, but measured at 

the Jaru forest site and FNS pasture site, which are located in South-West Amazonia (Rondonia 
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state). In general, results from the two forest sites are similar, but some changes in the values are 

noted in the pasture vegetation.  

First observing the measurements at the forest sites (Figures 3.2 and 3.3), clear effects of the 

dry season are noted in the measurements of VPD (Figures 3.2a and 3.3a), where the maximum 

diurnal values reach ~ 20 hPa in both forests, compared to less than 10 hPa during wet season. ra, 

on the other hand, almost does not change from the wet to the dry season (Figures 3.2b and 3.3b), 

remaining below 30 s/m during daytime hours. This means that the turbulent activity and roughness 

characteristics change little from one season to the other at those forests.  

The forest stomatal resistances also vary significantly between seasons (Figure 3.2c and 

3.3c). During the wet season, the daily variation is lower than during the dry season, ranging from 

around 30 to 150 s/m in the wet season and from 50 to 500 s/m in the dry season (with higher 

dispersion of values at Jaru, Figure 3.3c).  

Figures 3.2d and 3.3d present the diurnal variation of Ω for both forests. During the wet 

season, Ω shows a decrease trend throughout the day, ranging from 0.8 to 0.5. During the dry 

season, Ω remains around 0.6 in the morning at K34 (Figure 3.2d), then dropping to 0.4 in the 

afternoon, however drops significantly lower at Jaru throughout the day (Figure 3.3d). According to 

Jarvis and McNaughton (1986) this means that for both forests, the evapotranspiration in the wet 

season is mainly controlled by the available energy, especially during morning hours but trending to 

some influence of stomatal resistances along the day. During the dry season, the stomata play a 

stronger role in controlling forest transpiration, especially in the afternoon hours. Understanding 

mechanisms of how evapotranspiration is controlled in vegetated surfaces is of crucial importance, 

since the evapotranspiration processes connect the vegetation function and regional climate via their 

role in the partitioning of radiative energy into heat and moisture supply from the surface to the 

atmosphere. 
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Figure 3.2 Distribution of hourly measurements of (a) vapor pressure deficit (VPD), (b) 

aerodynamic resistance, (c) stomatal resistance and (d) the decoupling factor, Ω, along daytime, 

observed in wet and dry periods of 2000 at K34 forest site. Symbols represent the median of 

observations in each hour and the vertical bars represent the interval between 1st and 3rd quartiles. 
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Figure 3.3 Distribution of hourly measurements of (a) vapor pressure deficit (VPD), (b) 

aerodynamic resistance, (c) stomatal resistance and (d) the decoupling factor, Ω, along daytime, 

observed in wet and dry periods of 2000 at Jaru forest site. Symbols represent the median of 

observations in each hour and the vertical bars represent the interval between 1st and 3rd quartiles. 

 

The measurements at the pasture site are even more sensitive to the seasonal variations 

(Figure 3.4). Median VPD reaches 23 hPa in the dry season (Figure 3.4a), while remains below 11 

hPa in the wet season. Variations in ra are also more pronounced than in the forests (Figure 3.4b), 

but these seasonal changes are more complex to interpret, because they are largely sensitive to the 

grazing by the cattle, which alters the roughness of the grass vegetation not necessarily consistent 

with our selection of wet and dry periods. Still, it can be observed that the pasture ra is higher than 

in the forests in both seasons, as a result of higher roughness of the forest vegetation.  

The seasonal variations in rs at FNS is similar to that in the forest sites in the wet season, 

varying from 50 to 150 s/m, while in the dry season the variation is much higher, from 100 to 1000 

s/m (~2000 at 6pm, Figure 3.4c), pointing to a more intense water stress during the dry season in 

the pasture vegetation.  
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The behavior of Ω at the pasture is also different than at the forests, although also 

qualitatively indicating the higher control of transpiration by stomatal resistance during the dry 

periods (Figure 3.4d). Ω remains high (~ 0.8) during the whole day in the wet season and drops 

significantly (from 0.8 to 0.3) during the day in the dry season. 

 

 

Figure 3.4 Distribution of hourly measurements of (a) vapor pressure deficit (VPD), (b) 

aerodynamic resistance, (c) stomatal resistance and (d) the decoupling factor, Ω, along daytime, 

observed in wet and dry periods of 2000 at FNS pasture site. Symbols represent the median of 

observations in each hour and the vertical bars represent the interval between 1st and 3rd quartiles. 

 

For reference use in climate models, we synthesize in Table 3.1 recommended values of the 

aerodynamic and stomatal resistances in the three sites. ra values were estimated from an 

approximate average of the medians from 9:00 to 16:00 h, to avoid the hours of transition to 

nighttime. rs reference values are presented as a range from lower resistances recommended for use 

in the morning time to higher resistances to represent stronger stomatal control during afternoon.  
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Table 3.1:  Reference values for aerodynamic and stomatal resistances, estimated in this study. 

 ra (s/m) rs (s/m) 

Forest K34, wet season 20 40 – 150 

Forest K34, dry season 20 50 – 500 

Forest Jaru, wet season 20 40 – 100 

Forest Jaru, dry season 20 90 – 400 

Pasture (FNS), wet season 70 50 – 160 

Pasture (FNS), dry season 100 140 –1800 

 

 

Some previous studies in the Amazon region have already identified that evapotranspiration 

is directly connected to available energy, but also to aerodynamic transport mechanisms and 

biological control of transpiration, and that these controls vary according to the vegetation type or 

depending on periods of seasonal water deficits (e.g. Souza-Filho et al., 2005, Hasler and Avissar, 

2007, Costa et al., 2010, Von Randow et al., 2012, Christoffersen et al., 2014). Hasler and Avissar 

(2007) analyzed the seasonality of evapotranspiration in 8 sites in Amazonia, where three of them 

are the K34, Rebio Jaru and FNS sites. However, the authors used a preliminary version of the 

dataset, which were possibly subject to large uncertainties due to problems in data collection and 

incomplete quality assessment. We now update and extend the analyses to address in more detail 

how these mechanisms vary throughout the daytime and seasonally, in the two contrasting 

vegetation types of rainforest and pasture in the same region, and a rainforest in a wetter climate.  

Results obtained in this study show that the biological control of transpiration (represented 

by the stomatal resistance) presents both a diurnal and seasonal variability. Daily, a low resistance 

marks it in the morning, increasing throughout the day to reach high values in the evening. Since 

the stomatal resistance is related to the opening or closure of stomata, these results indicate that 

there is restriction of transpiration related to water deficit in the plants.  

Analyzing the aerodynamic resistances, we also obtained that turbulence caused by the 

roughness of the surface can be an important secondary factor and almost invariable from the wet to 

dry seasons, in the production of evapotranspiration in the sites, especially in the forest – this is 



 
 

 
54 

indicated by the low aerodynamic resistance observed, or, in its turn, high aerodynamic 

conductance related to high roughness of the forest surface.  

The results obtained from the analysis of the Jarvis and McNaughton (1986) decoupling 

factor (Ω) may further bring insight into our discussion. The parameter varies between 0 and 1, with 

values close to 1 indicating that the conditions of evapotranspiration are decoupled from surface 

resistances (that is, evapotranspiration is mainly related to the amount of available energy), and 

values close to 0 indicating a strong coupling between evapotranspiration and the atmospheric 

turbulent conditions and biological activity (that is, evapotranspiration is controlled not only by 

energy, but also by vegetation and other atmospheric conditions). Our results show that Ω presents 

not only a diurnal variation, but also a seasonal variation, for both forests. During the wet season, 

the evapotranspiration is controlled by the atmospheric conditions, especially during the morning, 

dropping to around 0.5 in the end of the afternoon in both forest sites. On the other hand, in the dry 

season, stomata is responsible for controlling the transpiration in both forests, mainly in the end of 

the afternoon, with Ω dropping from around 0.6 to less than 0.4. A strong drop happens in Rebio 

Jaru, which is lower than 0.5 already in the end of the morning. This indicates that, although energy 

limitation is a strong influence, there is a significant contribution of the biotic factors to the 

variability of evapotranspiration. FNS, in turn, shows that its evapotranspiration is controlled by the 

atmospheric conditions in the wet season, as well as in the dry season. However, during the dry 

season, Ω presents a diurnal variation, dropping to lower than 0.5 in the end of the afternoon, 

showing once more the restriction of transpiration related to water deficit in the plants in this 

period. 

The radiative energy provided by solar radiation is the main forcing of the biophysical 

processes of interaction between the biosphere and the atmosphere, acting as the primary driver of 

evapotranspiration in Amazonia. This has been observed before, especially in the more ‘equatorial’ 

sites of Amazonia, such as the K34 (e.g. Da Rocha et al., 2009, Costa et al, 2010). However, there 

is also indication that some species in equatorial sites are sensitive to water stress if the dry season 

is prolonged or in artificially rainfall exclusion experiments (Meir et al., 2013). Our results further 

highlight the strong sensitivity that a land use change to a pasture vegetation would cause: the 

pasture site clearly shows a large increase in stomatal resistance and transpiration control by the 

vegetation during the dry season. 

Da Rocha et al. (2009) and Costa et al. (2010) discussed in their results a general seasonal 

behavior in evapotranspiration in different sites in Amazonia, corroborating the main control of 
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evapotranspiration by abiotic / environmental conditions of available energy. The climate 

conditions that produce the tropical forests are generally characterized by frequent and abundant 

rainfall, which is certainly the case of forest in Central Amazonia near Manaus, and this makes less 

likely the occurrence of severe water stress. Due to this and also due to the large soil depth that tree 

roots may reach in the region, it is expected that these forests will remain resilient to annual dry 

seasons in the near future. However, if the occurrence of anomalous dry years increases frequency 

due to climate change or a combination of climate change and increasing pressures of land use 

change substantially affect the ecosystem, it is realistic to expect a significant degradation of the 

forest into a less resilient forest type.  

 

 

3.4. Conclusions 

 

Analyzing measurements of vapor pressure deficit, aerodynamic resistance, stomatal 

resistance and of the decoupling factor, we studied the diurnal and seasonal variability of control of 

evapotranspiration in contrasting sites in Amazonia: a pristine rain forest in Central Amazonia (K34 

site) and a pristine forest (Jaru) and a pasture (FNS) in Southwestern Amazonia. Seasonal variations 

in the precipitation minus reference evapotranspiration totals conditions are similar in the sites, 

however the pasture presents slightly higher vapor pressure deficit (drier conditions) in the dry 

season, and, especially because of the shallower roots in the pasture vegetation, we observe that 

these conditions reflect a different seasonal behavior of the evapotranspiration in the pasture, 

compared to the forest sites.  

Aerodynamic resistance does not change significantly from wet to dry season in both forest 

sites, but it is higher in the pasture, compared to the forests, due to its lower roughness, and it is 

sensitive to cattle grazing. Stomatal resistance, on the other hand, exhibits large changes both 

throughout the day and from wet to dry seasons, at the three sites. Daily, the stomatal resistance 

shows low values in the morning, increasing to reach its maximum in the afternoon and early 

evening, which highlights the effect of increasing stomatal control of evapotranspiration as the day 

progresses. This effect is even more pronounced in the dry season, which evidences the occurrence 

of water stress in the pasture vegetation. During the wet season, soil water conditions are likely 

much more favorable, and the stomatal resistance is similar in the two vegetation types.  
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Results obtained for the decoupling factor also corroborate conclusions from previous 

studies that evapotranspiration is primarily driven by the conditions of available energy in 

Amazonia (decoupled from surface conditions) in the wet season, but, still, a significant biological 

control of transpiration by plants is observed in the dry season, especially in the pasture cover and 

in the afternoon.  
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Chapter 4 

Evapotranspiration and Gross Primary Productivity of 

Secondary Vegetation in Amazonia Inferred by Eddy 

Covariance3 
 

Abstract: The conversion of primary forest (PF) to other types of land cover, such as pasture 

and agriculture, in Amazonia, affects regional carbon and water balances, significantly contributing to 

increased carbon emissions and reduced evapotranspiration. However, secondary forest (SF) growth, 

resulting from the abandonment of low-productivity pasture areas, offers a potential alternative to 

counterbalance the effects of deforestation on carbon release to the atmosphere and evapotranspiration 

reduction. In this work, we present four years of eddy flux measurements of a SF that is approximately 

20 years old, located in Central Amazonia, and we compare these measurements with those of a PF in 

the same region, analyzing daily, seasonal and yearly variations in evapotranspiration, gross primary 

productivity of carbon and water use efficiency. On average, evapotranspiration is 20% higher in the SF 

(3.64 mm.day-1) than in the PF (3.05 mm.day-1), while gross primary productivity is only 5% higher in 

the SF (8.0 gC.m-2.day-1) than in the PF (7.7 gC.m-2.day-1), except during the dry season, when the gross 

carbon uptake is the same in both sites. Conversely, water use efficiency is lower in the SF than in the 

PF (10% during the wet season and 15% during the dry season), showing that in comparison to the PF, 

the SF seems to have less control over water loss to assimilate the same amount of carbon. 

  

 

3 This chapter is submitted to publication as: Von Randow, R.C.S., Tomasella, J., Von Randow, C., Araújo, A.C., 
Manzi, A.O., Hutjes, R. W, Kruijt, B. (2019). Evapotranspiration and Gross Primary Productivity of Secondary 
Vegetation in Amazonia Inferred by Eddy Covariance. Submitted to Agricultural and Forest Meteorology 
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4.1. Introduction 

 

Hydrological cycle components, such as evapotranspiration (ET) and precipitation, in the 

Amazonian region are important not only locally but also regionally since the moisture produced by 

Amazon forest ET provides precipitable water to the south and southeast of South America (Arraut 

et al., 2012; Marengo et al., 2004; Zemp et al., 2014). 

Human settlement in the Brazilian Amazon accelerated in the 1970s due to governmental 

incentives. Settlement usually begins through forest conversion to pasture and agricultural land, 

mediated by logging and slash and burning. This process has several undesired consequences, such 

as reducing ET (Lathuillière et al., 2012) and soil water recharge and increasing discharge 

(Bruijnzeel, 1991). In the long term, this process might impact regional climate by reducing 

precipitation in the region, which then may feedback reducing discharge (Lima et al., 2014). 

Moreover, deforestation is considered one of the major sources of C emissions in Brazil 

contributing to climate change (MCTIC, 2017) 

Unsustainable practices, such as the slash and burning technique for pasture management, 

ultimately deplete soil resources and lead to loss in soil productivity (Castro, 2006; Zarin et al., 

2005), inducing the abandonment of pasture lands. 

Abandoned pastureland provides an opportunity for forest recovery of degraded areas. 

Although constrained by the duration of pasture use and its management, natural regeneration in 

abandoned pastures generally occurs relatively rapidly based on the high occurrence of pioneer 

species, which result in secondary succession (Rocha et al., 2016). 

Forest recovery partially offsets carbon emissions from land-use change and fossil fuels by 

accumulating carbon in forest biomass. Estimations by Pan et al. (2011) indicated that secondary 

forests have the potential to accumulate 0.86 Pg C year-1 in Latin America, while in the case of the 

Brazilian Amazon, Aragão et al. (2014) estimated that C accumulation in secondary forests varies 

between 0.04 and 0.06 Pg C year-1. The large uncertainties in these numbers are related to the fact 

that the increment of aboveground biomass varies because of not only past land-use history (Vieira 

and Martin, 2015) but also forest physiology, controlled by environmental and climatic conditions 

such as the length of the dry season (Gehring et al., 2005). 
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Almeida et al. (2010) estimated that until 2006, secondary forests covered an area of 

approximately 131000 km2. More recent estimations (INPE, 2016) indicated that secondary 

vegetation growth is approximately 23% of deforested areas. Despite differences in numbers, 

carbon uptake by secondary forests is likely to account for 17-44% of the total carbon emissions 

from deforestation (Cassol et al., 2019). In addition to the benefits in terms of carbon fixation, 

secondary forests may provide an important contribution to the water cycle of the region, presenting 

a higher evaporative fraction than that of pristine forests (Giambelluca, 2002), which can partially 

compensate for the effects of the conversion of forest to pasture and agriculture on energy and water 

balances. 

Field measurements of carbon and water surface fluxes in Amazonia using the eddy 

covariance technique have been conducted since the early 1980s in the pioneering studies of 

Shuttleworth (1988) and Fitzjarrald et al. (1988) and later at a much broader scale as part of the 

Large Biosphere-Atmosphere (LBA) tower network (e.g., Araújo et al., 2002; Da Rocha et al., 

2009; von Randow et al., 2004), with crucial importance for understanding the functioning of the 

forest-atmosphere interaction and effect of land-use change (Von Randow et al., 2012). However, 

except for leaf-scale measurements that include some pioneer species (Kunert et al., 2015), the 

literature still lacks reports of direct observations of fluxes in secondary vegetation areas in 

Amazonia. 

In this context, this study is the first comprehensive study of water and carbon fluxes in a 

secondary forest in Amazonia. We analyzed four years of eddy flux measurements in a 20year old 

secondary forest and performed comparisons with data from a primary forest site, both located in 

Central Amazonia. We quantified daily, seasonal and yearly variations in ET , gross primary 

productivity (GPP) of carbon and water use efficiency and assessed the potential effects of 

secondary regrowth in the local water balance. 

Considering that a recent study suggested that tree restoration is one of the most effective 

strategies for climate change mitigation (Bastin et al., 2019), reliable data on the potential benefits 

of secondary regrowth are essential for quantifying the economic and social benefits of mitigation 

policies. In addition, a recent study of Von Randow et al. (2019) suggests that secondary forest can 

also have impacts on hydroelectricity under a changing climate, therefore water consumption in 

secondary forest might have additional implications for competing water uses. 
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4.2. Materials and Methods 

 

4.2.1. Site description 
 

The measurements analyzed in this study took place from 2008 to 2011 at two flux towers in 

Central Amazonia, in the Manaus region: the first in a primary forest and the second in a secondary 

succession. 

The first site is located in the Cuieiras Biological Reserve, at kilometer 34 of the road that 

accesses the reserve. For this reason, the site is known as K34, as part of the LBA. The K34 flux 

tower is situated on the plateau of a tropical terra firme humid forest (2° 36' 32.67" S; 60° 12' 

33.48" W), located approximately 60 km north of Manaus. The flux tower is located 1.5 km south 

of the nearest unpaved road. The trees in the primary forest are approximately 35 m high. 

The second site is located at Colosso Farm Ranch, one of the sites of the Biological 

Dynamics of Forest Fragments Project (BDFFP). The road that accesses the farm is known as 

Colosso (CO). The flux tower of the site is also located on a plateau; however, the vegetation is part 

of 20 year old secondary succession, resulting from the abandonment of a slash and burn pasture 

(Moreira, 2003). The most important pioneer species in the region are Vismia spp., Cecropia spp. 

and Bellucia spp. (Lucas et al., 2002) where Vismia spp is the dominant species in regions with 

more intense land use, such as pasture and slash and burn management (Mesquita et al., 2001). This 

site is located approximately 105 km northeast of Manaus (02° 23’26,5”S; 59° 53’0,7”W). The flux 

tower is located approximately 700 m northeast of the closest pasture patch. Trees in this secondary 

forest are approximately 24 m high. 

In both regions, plateaus, slopes and valleys form the topography. The soils in the plateau 

were classified as Oxisol (or Latossolo Amarelo – Embrapa, 2006), with clayey to very clayey 

texture (Marques et al., 2015). 

During the period presented in this article, the annual average precipitation at both sites was 

approximately 2600 mm, while 2008 was the wettest year, with more than 2900 mm in 

precipitation. As the sites have the same precipitation regime, when the gaps in the data from one 

site are filled with data from the other, the annual totals are similar, such as for that in 2011 (year 

without missing gaps). Table 4.1 presents the annual precipitation for both sites for the period of 

study, without gap-filling of missing periods. 
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Table 4.1: Annual precipitation (in mm) for the primary and secondary forest sites.  

Year/Site Primary forest - K34 Secondary forest - CO 

2008 2916a 2984 

2009 2509 1826b 

2010 2114c 2665 

2011 2706 2730 
a Gaps of 56 days during the dry season 
b Gaps of 56 days during the wet season 
c Gaps of 15 days during the wet season 

 

For analyses of possible seasonal change effects, we followed previous works in the region 

and used two separate periods to represent the rainy (from November to May) and dry seasons 

(from August to October). 

To ensure the identification of the comparison between sites would be understood by the 

reader, from here on out, the primary forest will be referred to as PF, and the secondary forest will 

be referred to as SF. 

 

 

4.2.2. Data processing and gap-filling 

 

The PF tower was instrumented with a closed-path eddy covariance system consisting of a 

Gill R3 sonic anemometer (Gill Instruments, UK) and a LI-COR LI-7000 infrared gas analyzer (LI-

COR, USA), except for 2 months in 2008 due to the malfunctioning of the infrared gas analyzer 

(IRGA) and temporary replacement by an open-path LI-7500 IRGA (LI-COR, USA). Other details 

about the eddy covariance system and other instrumentation at the site are presented in Araujo et al. 

2002. The SF tower holds a three-dimensional CSAT3 sonic anemometer (Campbell SI, USA) 

connected to an LI-7500 open-path IRGA. 

Fluxes were calculated in half-hour intervals using the in-house developed software Alteddy 

(Elbers et al., 2011), which can be adapted to a number of different hardware configurations and 

program options. The program was configured to apply two-axis rotations to align the coordinate 
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frame with the mean streamlines and force the mean vertical component (w) to zero (McMillen, 

1988) to compensate for the time delay in the IRGA signals, to include cross-wind and humidity 

corrections of the sonic temperature signal (Schotanus et al., 1983) and to apply the Webb-

Pearman-Leuning (WPL) correction in the open-path gas analyzer data in SF (Gu et al., 2012; 

Leuning, 2007). 

Gaps in the data were filled using the look-up table approach described by Reichstein et al. 

(2005) that attempts to fill each gap with an average of good records taken under similar 

environmental conditions of net radiation, air temperature and vapor pressure deficit. The algorithm 

is described in Appendix A of Reichstein et al. (2005) and publicly available through an R software 

package called ReddProc. 

The absolute values of latent and sensible heat fluxes must be interpreted with caution 

because the estimates of turbulent fluxes have potential site-specific uncertainties related to energy 

balance closure; therefore, in this paper, we estimate the evaporative fraction as the ratio 

LE/(H+LE). 

In addition to the measurement of ecosystem ET through the eddy covariance system, we 

also compute the net ecosystem exchange of carbon (NEE) in the sites and estimate the amount of 

water used by the vegetation per unit of absorbed carbon, the water use efficiency (WUE), after 

following the applicable procedure. 

First, changes in storage of CO2 below the measurement point at the top of the tower must 

be accounted for, ideally by direct measurements of the CO2 concentration at different levels along 

the tower, or at least by some estimate of nighttime accumulation in the canopy airspace (e.g., Von 

Randow et al. 2004, Iwata et al. 2005). At the PF site, measurements of CO2 concentrations were 

available, but at the SF site, there were no direct measurements except the eddy covariance system; 

thus, in this case, we used an approach based on Iwata et al. (2005) to estimate average storage 

using only the concentration in the top level and the amount of turbulence that occurred the night 

before. 

Second, conditions of low level of turbulence that could hinder the validity of the eddy 

covariance method inferred from low-friction velocity (u*) values were filtered out and later 

replaced by modeled values in the gap-filling analyses. The u*-threshold was estimated by the 

moving point test according to Papale et al. (2006), which resulted in values of approximately 0.17 

at the SF site and 0.10 to 0.14 at the PF site. 
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Third, the method based on light-response curves fit to daytime NEE measurements, which 

avoided the use of potentially problematic nighttime data, as discussed by Lasslop et al. (2010), was 

used to partition NEE into the GPP (the gross amount of CO2 taken up by photosynthesis) and 

ecosystem respiration (Reco, the amount of CO2 released by the ecosystem by autotrophic and 

heterotrophic respiration) terms. 

Finally, ecosystem WUE was calculated by the ratio WUE = GPP/ET where GPP is given in 

gC.m-2.day-1 and ET is given in mm.day-1. WUE represents gC gained per kg H2O consumed by the 

vegetation. 

 

 

4.2.3. Aerodynamic and stomatal resistance 

 

The aerodynamic resistance, commonly used to express the degree of resistance in the 

turbulent transport in the atmospheric surface layer, was calculated following Costa et al. (2010) as 

follows: 

    𝑟𝑟𝑎𝑎 = 𝑈𝑈
𝑢𝑢∗2

      (4.1) 

where U is the mean horizontal wind above the canopy and u* is the friction velocity. This 

formulation is simpler than an explicit account of the stability effects on the turbulence 

aerodynamics, but we preferred to use it to avoid large possible errors introduced in the calculation 

of stability functions in Amazonia. Due to the difference in the height measurements between the 

sites, we corrected the measured wind speed at the SF site to correspond to the same height as 

measured at the PF site assuming a neutral profile. 

The stomatal resistance, representing an inhibition of the loss of water through stomatal 

transpiration, was calculated by inverting the Penman Monteith equation: 

 

  𝑟𝑟𝑠𝑠 = ��𝜌𝜌𝑎𝑎𝐶𝐶𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉�
𝛾𝛾𝛾𝛾𝛾𝛾

− 𝑟𝑟𝑎𝑎 �1 − Δ𝐻𝐻
𝛾𝛾𝛾𝛾𝛾𝛾

��    (4.2) 
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where ρa is the air density (kg m-3), cp is the specific heat of air at constant pressure (J.kg-1.°C-1), 

VPD is the vapor pressure deficit (hPa), γ is the psychometric constant (~ 0.66 hPa.°C-1), LE is the 

latent heat flux (W.m-2), ∆ is the slope of the saturation vapor curve (hPa.°C-1), and H is the sensible 

heat flux (W.m-2). 

 

 

4.3. Results 

 

In this section, we present the flux data and inferred resistances as daily averages for the wet 

and dry seasons separately as well as for the whole period and as time series of centered running 

means. 

The seasonal variation in net radiation was similar at both sites, with the daily average 

increasing from the wet season to the dry season by 26% for the PF and 21% for the SF. The 

difference among the daily averages of net radiation for the three periods was not significant, with 

the greatest difference reaching 8 W.m-2.day-1 during the wet season. The available energy was 

partitioned more into ET than into H at both sites (Table 4.2). The daily average latent heat flux, 

and consequently ET , was approximately 20% higher in the SF than in the PF during the whole 

year and dry and wet seasons, while the sensible heat flux was approximately 36% lower in the SF 

than in the PF during the wet season and the whole period analyzed, and 40% lower during the dry 

season. Even though the ET increased at both sites during the dry season, the evaporative fraction 

decreased slightly at both sites. The decrease in evaporative fraction during the dry season in 

comparison with that in the wet season was smaller in the SF than in the PF, showing that the PF 

had a stronger control over the transpiration loss during the dry season, even though the region does 

not experience a marked shortage of water during the dry season. 

The time series of evaporative fractions from 2008 to 2011 for the PF and SF are presented 

in Figure 4.1, where shaded bars show the dry periods. The average evaporative fraction in the SF 

was constantly higher than that in the PF, with both sites presenting the same seasonal variation. 
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Table 4.2: Sensible and latent heat fluxes, net radiation and evaporative fraction means annually 
and in the wet and dry seasons and the ratio between secondary forest (SF) and primary forest (PF). 

2008 - 2011 H (W.m-2) 
 

LE (W.m-2) 

Site Annual Wet Dry  Annual Wet Dry 
PF (K34) 29 26 36  87 83 98 
SF (CO) 18 16 22  104 98 116 
SF/PF 0.64 0.64 0.60  1.19 1.19 1.18 

2008 - 2011 Rn (W.m-2) 
 

EF (LE/(LE+H)) 

Site Annual Wet Dry  Annual Wet Dry 
PF (K34) 131 122 154  0.76 0.77 0.73 
SF (CO) 139 130 158  0.85 0.86 0.84 
SF/PF 1.06 1.06 1.03  1.11 1.12 1.15 

 

 

Figure 4.1 Time series of 31 day centered running means of the evaporative fraction for primary 

forest (PF) in the blue line and secondary forest (SF) in the red line and the respective standard 

deviations (shadow area in the same color of the mean values) for both sites. 
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The radiation balance components, air temperature and specific humidity at both sites were 

generally similar during all periods evaluated; therefore, the differences in ET between the sites 

were not related to meteorological conditions. The average values of the albedo from the SF and PF 

were calculated during the diurnal period from 7:30 am to 5 pm. At the SF, the albedo was 0.125 

(±0.006), and at the PF, the albedo was 0.121 (±0.006). Nonetheless, in the PF, the highest albedo 

value occurred at the beginning of the dry season, while at the SF, the albedo presented a shift with 

its highest value occurring at the end of the dry season (Figure 4.2). 

 

Figure 4.2 Time series of 31 day centered running means of albedo for primary forest (PF) in the 

blue line and secondary forest (SF) in the red line and respective standard deviations (shadow area 

in the same color of the mean values) for both sites. 

 

Aerodynamic resistance was slightly higher in the SF than in the PF (approximately 5% 

higher during the dry season and approximately 15% higher during the wet season and the whole 

period with available data). The average aerodynamic resistance in the SF in the period was 

approximately 40 s.m-1, while in the PF, it was 35 s.m-1 (Figure 4.3). 
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Figure 4.3 Time series of 31 day centered running means of aerodynamic resistance for primary 

forest (PF) in the blue line and secondary forest (SF) in the red line and respective standard 

deviations (shadow area in the same color of the mean values) for both sites. 

 

On the other hand, stomatal resistance was considerably lower in the SF than in the PF, 

approximately 40% lower during all time periods analyzed. Throughout the seasons, the stomatal 

resistance changed by approximately 50% at both sites (Figure 4.4). During the dry season, the 

daily average of rs in the SF was 97 s.m-1, while in the PF, it was 175 s.m-1. During the wet season, 

the daily average rs in the SF decreased to 33 s.m-1, while in the PF, it decreased to 81 s.m-1. 

Notably, inferring stomatal resistance from the inversion of the Penman Monteith equation can 

provide insight into the possible stress on the forest under drier conditions, which could lead to 

stomatal closure and higher resistances. The average values of aerodynamic and stomatal resistance 

for all time periods analyzed are shown in Table 4.3. 
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Figure 4.4 Time series of 31 day centered running means of stomatal resistance for primary forest 

(PF) in the blue line and secondary forest (SF) in the red line and respective standard deviations 

(shadow area in the same color of the mean values) for both sites. 

 

Table 4.3: Aerodynamic resistance (ra) and stomatal resistance (rs) means annually and in the wet 
and dry seasons and the ratio between secondary forest (SF) and primary forest (PF). 

Site 
 ra 

(s/m) 

 rs 

(s/m)   

2008 – 2011  Annual Wet Dry  Annual Wet Dry 

PF (K34)  35.51 33.71 37.28  112.35 81.54 175.16 

SF (CO)  38.77 38.05 38.93  67.99 48.01 97.38 

SF/PF  1.09 1.13 1.04  0.61 0.59 0.56 

 

Despite the higher ET in the SF than in the PF, during the whole period, the WUE was 

slightly higher in the PF than in the SF (Figure 4.5 and Table 4.4). 
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Figure 4.5 Time series of 31 day centered running means of water use efficiency for primary forest 

(PF) in the blue line and secondary forest (SF) in the red line and respective standard deviations 

(shadow area in the same color of the mean values) for both sites. 

 

As previously mentioned ET was approximately 20% higher in the SF than in the PF and 

increased by approximately 15% at both sites from the wet to dry season. The GPP was slightly 

higher in the SF than in the PF in terms of the annual average and in the wet season (~5% higher), 

but during the dry season the GPP was same at both sites. Analyzing the seasonal variation in the 

sites, the GPP diminished 13% in the PF, while it decreased 18% in the SF from the wet to dry 

season (Table 4.4). As shown in Table 4.4, the average GPP and WUE were based only on data 

from 2010 and 2011 because the method used to estimate GPP from the light-response curves did 

not estimate the sensitivity to night time temperature variations for 2008 and 2009, and we preferred 

not to include the data from this period that had relatively high uncertainty (Lasslop et al., 2010). 

The WUE was calculated as the ratio of GPP to ET. The WUE was approximately 10% 

higher in the PF than in the SF during the whole period and the wet season, while during the dry 

season, the carbon gain in mm of water used was higher in the PF (~15%) than in the SF (Table 

4.4). Considering the seasonal differences, the WUE was higher in the wet season than in the dry 

season at both sites. In addition, the decrease was slightly larger in the SF than in the PF. 
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Table 4.4: Evapotranspiration, gross primary productivity and water use efficiency means annually 
and in the wet and dry seasons and the ratio between secondary (SF) and primary (PF) forests 

Variable Site Annual Wet Dry Wet to Dry 
change (%) 

ET PF (K34) 3.1 2.9 3.4 15.3 

(mm.day-1) SF (CO) 3.6 3.4 4.0 15.1 

  SF/PF 1.19 1.19 1.18   

GPP PF (K34) 8.0 8.6 7.6 -12.7 

(gC.m-2.day-1) SF (CO) 8.3 9.0 7.6 -18.3 

  SF/PF 1.04 1.05 1.00   

WUE PF (K34) 2.4 2.8 2.1 -29.7 

(gC.m-2.mm-1) SF (CO) 2.2 2.5 1.8 -36.2 

  SF/PF 0.90 0.90 0.86   

* GPP and WUE are averages of the values in 2010 and 2011 to avoid the uncertainties in the light-response 
curve method. 

 

 

4.4. Discussion 

 

The difference in available energy did not account for the differences in ET between the 

sites because available energy had a maximum daily average of 7.8 W.m-2, which was within the 

accuracy range of the net radiometer and corresponded to only 0.28 mm.day-1. This result indicated 

that the difference in ET was one-third lower between sites in the time periods analyzed. 

The values of albedo in both sites were similar and consistent with those presented in the 

works of Culf et al. (1995) and Giambelluca et al. (1997) for forest sites. Due to the similarity 

between the albedo values at both sites, the higher evaporative fraction in the SF than in the PF was 

not explained by albedo. The only difference between the albedo at the two sites was the peak in the 

albedo annual cycle in the PF at the beginning of the dry season, which was earlier than that in the 

SF. In the latter, the highest annual values of albedo occurred during the transition of the dry to the 

wet season. The peak of the albedo in the PF was related to the early flushing of the leaves at this 
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site as an evolutionary strategy to increase photosynthetic efficiency since light increases as a result 

of the decrease in cloud cover during the dry season (Lopes et al., 2016). Nonetheless, the region 

does not present a strong seasonality and provides enough water in the soil that can be accessed by 

the deep roots of the old trees to take advantage of both light and water supply (Broedel et al., 

2017). The data suggest that pioneer species do not account for the same evolutionary strategy. 

The PF roughness was greater than that in the SF as a result of tree height differences 

between the sites. The greater roughness in the PF implied a lower aerodynamic resistance that in 

principle would enhance evaporation compared to that in the SF. However, site scale latent heat 

flux measurements show that SF species use water and energy resources without parsimony, 

transpiring more water than PF species during the wet and dry seasons and the whole period. This 

result was corroborated by sap flow measurements that show that trees of secondary species 

transpire more than primary species (Kunert et al., 2015). As expected, related to the high ET in the 

SF, the GPP at the site was also higher than that in the PF but at a lower percentage and only during 

the whole year and wet season. During the dry season, the GPP was the same at both sites. 

Consequently, the WUE was lower in the SF than in the PF, which could indicate that old forest 

species better adapted to the climate conditions, and use water and assimilate carbon more 

efficiently than the pioneer species of the SF. 

In general, forest edges situated downwind of a lower vegetation or bare soil are expected to 

show higher ET rates than those in other areas, due to energy advection and enhanced turbulence 

(Giambelluca et al., 2003). Sap flow data from previous studies (Kunert et al. (2015) indicated 

decreases from forest edges, that had more pioneer tree species, towards the interior (Kunert et al., 

2015). Nevertheless, the sap flow in the SF increased in the opposite direction, with sap flow higher 

close to the tower inside the fragment and lower in the direction of the road adjacent to a small 

pasture plot that was frequently burned. Since burnings affect the heterogeneity of the SF fragment 

in relation to the distance from the edges, it was difficult to relate the ET solely to the edge effect 

(Van Baalen, 2010). 

The lower WUE in the SF than in the PF could also be related to the difference in soil 

nutrients between the two sites. The amount of nutrients, such as nitrogen and phosphorus, in SFs 

declines with forest age (Feldpausch et al., 2004). In forests 12 to 14 years old in the same region of 

this study, nitrogen and phosphorus reached approximately 15 g.kg-1 and 0.6 g.kg-1, respectively, 

while in the PF, those values reached 22 g.kg-1 and 1 g.kg-1 (Feldpausch et al., 2004; Fyllas et al., 

2009). If nutrients continue decreasing with forest age, then this amount will decrease even more, 
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and accordingly, the secondary species would need to assimilate CO2 more efficiently to obtain the 

same amount of carbon. For this purpose, these species would need to leave their stomata open 

wider to obtain more CO2, losing more water. 

Placing the estimates obtained at the SF site in context with findings from recent literature, 

we can perform a thought experiment to extrapolate a potential role of secondary forests in 

Amazonia reabsorbing part of carbon emitted by deforestation. Assuming a carbon use efficiency 

(the ratio of Net Primary Productivity, NPP, to GPP) of ~0.3-0.5 (e.g. Malhi et al., 2009), our 

estimates of GPP would point to a potential NPP of 0.9 to 2 tonC/ha/year, which would in turn 

represent a total of 0.16 to 0.27 GtC taken up per year by NPP of the 173387 km2 of secondary 

forests in Brazilian Amazon (area estimated by TerraClass system, INPE 2016). However, we 

should acknowledge that the estimates of GPP obtained from flux partitioning methods, such as 

used in this study, are subject to inherent uncertainties and should be taken with caution.   

 

 

4.5. Conclusions 

 

SF ET was approximately 20% higher than PF ET both seasonally and in daily averages. 

Higher ET was not related to significant differences in available energy or albedo, resulting in the 

evaporative fraction always being higher in the SF (0.85) than in the PF (0.75). Albedo differed 

between sites only at the onset of the wet season, and albedo was higher earlier in the PF than in the 

SF, due to an earlier leaf flush in the PF as an evolutionary strategy to increase photosynthetic 

efficiency, as concluded in recent studies. In terms of seasonal variations, even though the ET 

increased during the dry season, the evaporative fraction decreased slightly at both sites. 

Aerodynamic resistance was slightly higher in the SF than in the PF due to the higher 

roughness of the latter, which promoted higher aerodynamic conductance. Nonetheless, the stomatal 

resistance was considerably lower in the SF than in the PF, approximately 40% lower at both 

seasonal and daily scales. Throughout the seasons, aerodynamic resistance was nearly constant, but 

the average values of stomatal resistance changed by approximately 50% at both sites. 

GPP was also higher in the SF than in the PF during the wet season but at a lower 

percentage than the ET difference (only ~5%). During the dry season, GPP was the same at both 

sites. GPP decreased from the wet to dry season at both sites but was more pronounced in the SF 

(18%) than in the PF (13%). In contrast, WUE was lower in the SF than in the PF during the wet 
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season (10%) and even lower during the dry season (15%), showing that PF was better adapted to 

drought conditions. 

These results highlight the importance of secondary regrowth to the Amazon regional water 

balance, with the potential to compensate for reductions in ET in deforested and unproductive areas. 

Additionally, the results highlights its importance on the carbon balance since the SF can potentially 

assimilate more carbon than the PF, reinforcing the potential of tree restoration to serve as an 

efficient and low-cost strategy for mitigating climate change. 

It is important to mention that secondary forest plays an important role on the maintenance 

of moisture production and transport to other regions of South America and on sequestration of 

carbon emitted by deforestation. Nonetheless, primary forest cannot be replaced by secondary forest 

because the latter presents lower efficiency on using water to assimilate carbon (potentially 

impacting other water uses such as hydroelectricity) than the primary forest; much lower 

biodiversity, as well as poorer ecosystem services. Therefore, secondary forest can be considered an 

ally of primary forest to minimize the effects of deforestation, but never a substitute. 
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Chapter 5  

Response of the river discharge in the Tocantins River 

Basin, Brazil, to environmental changes and the 

associated effects on the energy potential4 
 

Abstract: Climate change is expected to impact the hydrological regime worldwide, and 

land use and land cover change may alter the effects of the former in some cases. Secondary growth 

in deforested and abandoned areas is one of the main consequences of land use and cover changes 

in Amazonia. Among land uses, the effects of the secondary growth in water availability in large 

scale basins are not well understood. This work analyzes the potential effects of secondary growth 

under climate and land use change on water availability and hydropower in the Tocantins basin, in 

the Legal Amazon region of Brazil, using the MHD-INPE hydrological model driven by different 

climate scenarios and two future socio-economic based potential land use scenarios. The model 

projects decrease on discharge under climate change scenarios, which further cause the simulated 

hydropower energy potential to decrease significantly. When only deforestation scenarios are 

included, the effects of climate change are weakened, but when secondary growth is also 

considered, the effects of climate change are enhanced. Results suggest that different aspects of 

environmental change, such as secondary growth, may affect water production and the sectors 

depending on it.  

 

4 This chapter is published as: Von Randow, R. C. S., Rodriguez, D. A., Tomasella, J., Aguiar, A. P. D., Kruijt, B., & 
Kabat, P. (2019). Response of the river discharge in the Tocantins River Basin, Brazil, to environmental changes and 
the associated effects on the energy potential. Regional Environmental Change, 19(1), 193–204. 
https://doi.org/10.1007/s10113-018-1396-5 
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5.1. Introduction  

 

In order to satisfy future country´s energy needs, hydroelectric expansion plans in Brazil are 

concentrated in Amazonia, where projections of precipitation based on different models largely 

vary under climate change scenarios (Christensen et al., 2013). Therefore, it becomes crucial to 

assess how changing climate is likely to affect the energy security of the country. 

In addition to the effects of climate change, the Amazon basin has been affected by the 

conversion of pristine forest to other types of land use since the 1970’s due to agricultural 

expansion and resource extraction (Davidson et al. 2012; Walker et al. 2000). Singular policies for 

the region have been developed by the government (Brazilian Growth Acceleration Program - 

BRASIL, 2013). These policies include the establishment of several protection areas and indigenous 

territories (Folhes et al., 2015). However, a substantial amount of deforestation occurs each year in 

the region (PRODES, INPE, http://www.obt.inpe.br/prodes/). The conversion of forest to pasture 

and crops promotes a decrease in evapotranspiration (Lathuillière et al., 2012) and soil water 

recharge and increases fast fluxes responses in the basin (Bruijnzeel, 1991). Conversely, secondary 

forest growth in previously deforested and later abandoned areas has higher evaporative fractions 

(Giambelluca, 2002) and higher evapotranspiration rates (Von Randow et al., 2017) than pristine 

forest areas. Thus, these areas can reduce the excess soil water and runoff. 

The hydrological impacts due to climate change (CC) combined with land use and land 

cover change (LULCC) affect the availability of water resources and have important consequences 

for environmental and socioeconomic activities. Therefore, these effects should be carefully studied 

to improve water management and planning, even when considering that their impacts on water 

cycle are strongly dependent on scale and heterogeneity of landscape (D’Almeida et al., 2007). 

To assess the effects of CC and LULCC on water resources, both climate and hydrological 

numerical models are frequently used (Bravo et al., 2014; Cloke et al., 2013; Demaria et al., 2013; 

Nóbrega et al., 2011; Siqueira Jr et al., 2015). This approach entails substantial uncertainty 

associated with the propagation of errors in the model chain (Jones, 2000). Still, climate and 

hydrological projections provide important information for performing exploratory analyses of risk 

and uncertainties associated with decision-making processes related to CC adaptation (Mohor et al., 

2015). 
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LULCC projections generally consider various public policies, biophysical properties and 

socioeconomic assumptions (Prestele et al. 2016). In the context of the high level of uncertainty 

regarding future scenarios, scenario-based techniques can be used to explore and understand the 

consequences of alternative conditions in environmental studies. Aguiar et al. (2016) proposed three 

updated scenarios for the Brazilian Amazon through 2100. These scenarios combined exploratory 

and normative approaches, participatory methods, and qualitative and quantitative elements (Raskin 

et al., 2005).  

Due to its abundant water resources, Brazil has become highly dependent on water 

availability for several economic activities, such as hydropower generation and agriculture 

(Nóbrega et al., 2011). Brazil currently gets three-quarters of its electricity from hydroelectricity 

(Horner et al., 2016). In this context, an increased need for energy to sustain economic growth has 

boosted governmental plans to expand hydropower in Amazonia. The new plants will increase the 

contribution of the Amazon region to Brazilian power generation from 10% to 24% (EPE - Empresa 

de Pesquisa Energética, 2012).  

Located in the eastern divide of the Amazon Basin and on the transition between the 

Amazon forest and the Brazilian savanna (cerrado), the Tocantins River is considered one of the 

most important rivers for water supply, irrigation, transportation and hydropower in the country. In 

terms of hydropower, the Tocantins Basin is the hub between the North/Northeast and 

South/Southeast power grids. Thus, the basin is a strategic point in Brazil (EPE - Empresa de 

Pesquisa Energética, 2006). Previous studies have shown impacts of climate variability and land use 

conversion on the basin: Costa et al. (2003) analyzed 50-years of data and found 25% of increase on 

the discharge, but no statistically significant trend in the precipitation. Coe et al. (2009), modelled 

the same data set and attributed 2/3 of the increase in discharge to deforestation that occurred in that 

period. However, those studies did not consider the impact of secondary vegetation regrowth on the 

water cycle.  

The objective of this work is to analyze the combined effects of CC and LULCC in water 

yield and evaluate the extent to which these effects could influence future energy production in the 

Tocantins Basin. In addition, we analyzed the effects of the growth of secondary forests on water 

and energy production, because secondary forest vegetation is generally not included on LULCC 

maps; its associated effects, in combination with climate and hydrological effects, are largely 

unknown. 
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5.2. Materials and Methods  

 

5.2.1. Study Site 

 

The Tocantins River Basin is the largest basin completely located within the Brazilian 

territory. The drainage area of the basin is more than 960000 km², or 11% of the Brazilian territory 

(ANTAQ - Agência Nacional de Transportes Aquaviários, 2013). The main rivers in the basin are 

Tocantins River and Araguaia River. The altitude of the Tocantins River Basin before it reaches the 

Araguaia River varies from 200-500 m in the majority of the area and is higher than 1000 m in the 

upstream portion of the basin. The average precipitation in the basin is 1869 mm per year, with a 

maximum of 2.565 mm on the Pará state coast. The precipitation regime occurs from south to north. 

Low amounts of precipitation are received along the border with Goiás and in the Northeast region, 

with an average of 1 mm/month between June and August (Tomasella et al., 2009). The 

precipitation decreases from 1850 mm in the west to 1000 mm/year in the east (MMA, 2006). 

Additionally, evapotranspiration averages approximately 1.371 mm/year, and the long-term mean 

discharge is approximately 14000 m3/s (MMA, 2006). The main soils in the region are classified as 

Latossolos Vermelho-Amarelos and Vermelhos, with textures that range from average to clay. 

Although the land use has become more intense over the last two centuries, the Tocantins Basin still 

maintains some of the original phytophysiognomies. In the northern part of the basin, the original 

cover is tropical rain forest, and in the central and southern parts of the basin, known as Alto 

Tocantins, the original cover is mainly Brazilian savanna (cerrado) (Tomasella et al. 2009). 

However, this original cover is being replaced by other land use and land cover types. In Alto 

Tocantins, the cerrado that covered approximately 63% of the region in 1984 decreased to 47.9% in 

2013 due to increases in anthropogenic cover (49.8%) and open water (2.3%) (Martins et al., 2015). 

The Tocantins-Araguaia region is one of the most important Brazilian hydrographic regions because 

of its location and hydropower potential which totals 26.285 MW. Additionally, the installed 

hydropower potential of the region is 6981 MW.  
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5.2.2. Distributed Hydrological Model – MHD-INPE  

 

The Distributed Hydrological Model of the National Institute for Space Research (MHD-

INPE) (Rodriguez and Tomasella, 2016) is a regular grid-cell model that includes modules to solve 

the soil water budget, potential evaporation, transpiration, surface, sub-surface and baseflows in 

each grid cell where several types of soil and land use are considered. Each grid cell is sub-divided 

into hydrological response units (HRUs), which are used to solve the water balance. The model uses 

the percentage of each type of land use and soil to determine the fluxes of a grid cell based on a 

weighted arithmetic mean. Further details about the MHD-INPE model are provided by Siqueira Jr 

et al. (2015) and (Rodriguez and Tomasella, 2016). 

The model has been applied successfully in Amazonian basins such as the Ji-Paraná 

(Rodriguez and Tomasella 2016), Madeira (Siqueira Jr et al., 2015), Purus (Dalagnol et al., 2017) 

and Tapajos (Mohor et al. 2015) basins, as well as for flood forecasting in the Tocantins Basin 

(Falck et al., 2015). 

 

 

5.2.3. Hydrological Model Calibration and Validation 

 

The Tocantins Basin was divided into nine sub-basins (Figure 5.1). The MHD-INPE model 

was calibrated for each sub-basin using observed discharge data from 1970 to 1990 and the shuffled 

complex evolution method of automatic calibration developed at the University of Arizona (SCE-

UA) by Duan et al. (1992) and Duan et al. (1994). Observed meteorological data were used as input 

drivers for the model. Vegetation parameters were based on literature values for most vegetation 

types, of the same than those used by Rodriguez and Tomasella (2016). For the secondary forest 

parameters, we changed albedo and stomatal resistance based on flux tower data measured in a 21-

year old secondary forest in Central Amazonia. Those parameters affect directly the 

evapotranspiration rates in the model. We also changed the vegetation height, zero displacement 

height and roughness length, based on the vegetation characteristics of the site (Von Randow et al. 

2017). Additionally, the calibration performance of MHD-INPE was qualitatively and quantitatively 

evaluated. The qualitative evaluation was based on a visual analysis of the hydrographs of observed 

data and simulated estimates of flow. In addition, for the quantitative evaluation, three different 
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performance indices were used: the Nash-Sutcliffe efficiency (NSE), Nash-Sutcliffe efficiency of 

the logarithmic values of discharge (NSELog) and relative volume error (∆V) (Krause et al., 2005; 

Moriasi et al., 2007). Thus, the objective function was based on the average of NSE and NSELog 

efficiency coefficients and the convergence criteria was defined based on the minimal percentage of 

improvement in the objective function, which was fixed in 0.001. 

 

Figure 5.1 Tocantins River Basin, the hydropower plant locations (left) and the sub-basins 

considered for calibration of the MHD model (right) 

 

For validation purposes, the ability of the model to simulate the present climate conditions 

was assessed using two different runs: (i) hydrological simulations based on observed 

meteorological data and (ii) hydrological simulations based on meteorological conditions provided 

by a regional climate model. The latter validation is important for the assessment of uncertainties in 

analyses of future hydrological projections resulting from bias in the climate model. Both runs were 

evaluated using four different indices derived from flow duration curves (FDCs) (Ley et al., 2011; 

Yilmaz et al., 2008): a measure of the high flow volume, MWH, which represents the high part of 

an FDC; a measure of the low flow volume, MWL, which represents the low part of an FDC; 

SEASON, an index that represents the difference between dry and wet seasons; and QSM, the slope 

between the 0.2 and 0.8 quantiles of an FDC.  
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5.2.4. Input Data 

 

To drive the hydrological model, different input data are needed to represent current or 

future environmental conditions. Current vegetation cover was obtained from the Radar da 

Amazonia Project of the Instituto Brasileiro de Geografia e Estatística (IBGE, 1992) and the Projeto 

de Elaboração de Mapas de Vegetação (PROVEG - Sestini et al., 2002). Notably, these sources 

provided a vegetation map of 15 vegetation classes that was previously used in the SiB land surface 

model (Sellers et al., 1986). Yearly information regarding LULCC was obtained from the historical 

reconstruction of (Leite et al., 2011) based on historical census data and contemporary land use 

classification and considering cultivated areas, natural areas, and planted pastures in Amazonia. The 

soil type distribution was extracted from the SOTERLAC/ISRIC soil map (Dijkshoorn et al., 2005), 

and meteorological and hydrological data were assembled from ANA, INMET and INPE. 

Geomorphologic information was derived from the Shuttle Radar Topography Mission (SRTM) 

(Farr et al., 2007). 

In the analyses of the effects of CC, dynamically downscaled data from the regional 

atmospheric model Eta-INPE (Chou et al. 2012, Marengo et al. 2012) were used as meteorological 

drivers in MHD-INPE. Eta downscaling uses a range of members of a perturbed physical ensemble 

of the HadC-M3 model as boundary conditions (Collins et al., 2001; Gordon et al., 2000), with 

different sensitivities based on the emission scenario SRES A1B (Nakicenovic et al., 2000). This 

approach is used because it accounts for the uncertainties of different possible outcomes of climate 

projections, from low to high emissions (Chou et al., 2012; Collins et al., 2006). In this work, the 

set of HadCM3 boundary conditions passed to Eta-INPE, described by Chou et al (2012) and 

Marengo et al. (2012), are the unperturbed member (hereafter referred to as M1), the low-sensitivity 

member (referred to as M2) and the high-sensitivity member (referred to as M4). 

The use of meteorological data from climate models in hydrological applications has spatial 

and temporal resolution constraints, and biases in the distributions of variables should be addressed 

before they are used as drivers in the hydrological models (Wood et al., 2004; Wood et al., 2002). 

Similar to Mohor et al. (2015), we corrected biases in the precipitation data using a percentile-to-

percentile approach based on Bárdossy and Pegram (2011), and linear scaling (Lenderink et al., 

2007; Teutschbein and Seibert, 2013) was applied to correct the other meteorological data. 
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The future LULCC scenarios used in this study are the results of a combination of the 

LUCC-ME Modeling Framework and INPE-EM Emission Modeling Framework, as described in 

Aguiar et al. (2016). The LUCC-ME modeling framework was used to generate annual rainforest 

deforestation maps through 2050, and the INPE-EM modeling framework (Aguiar et al., 2012) was 

used to generate the subsequent secondary vegetation dynamics in deforested areas based on a 

spatially explicit grid of 25 x 25 km2. Because information about savanna deforestation was not 

available, LUCC-ME projections were restricted to the Amazon Forest and, consequently, changes 

in savanna vegetation were not considered in this work.  

The Land Use maps combine qualitative and quantitative elements using the Story and 

Simulation (SAS) approach proposed by (Alcamo 2001). The qualitative scenarios were built using 

a participatory approach (Folhes et al. 2015; Aguiar et al. 2016), and the resulting storylines were 

aligned with the Intergovernmental Panel on Climate Change (IPCC) Shared Socioeconomic 

Pathways (SSP). Storylines were constructed considering two main scenarios. The first, 

sustainability scenario A, was an ideal/desired scenario with equilibrium between socioeconomic 

achievements and the environment. This scenario was aligned with SSP 1. The second, 

fragmentation scenario C, was the opposite of scenario A and considered the depletion of natural 

resources and significant social inequality. This scenario was aligned with SSP 3.  

In quantitative scenarios, the main goals are to choose elements from storylines to use in 

quantitative models and to define the adequate model parameters. The elements selected from the 

storylines were related to natural resources and land use dynamics. In the model of scenario A, the 

elements are as follows: a decrease in old-growth forest degradation; clear-cut deforestation 

reaching ‘zero (non-authorized) deforestation’ by 2025; the regeneration of all illegally deforested 

areas on private properties; and high-value secondary vegetation. The final element will allow areas 

to become secondary forests by not disrupting regrowth in these areas. The quantification of 

scenario C considers deforestation rates at levels prior to those in 2004 in response less 

environmental protection due to agricultural expansion.  
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5.2.5. Analysis of the Impacts on Hydrology and on Hydroelectricity 

 

Changes in the discharge response as a result of different CC and LULCC scenarios were 

assessed through the comparison between projected long-term average (LTA) discharge and LTA 

discharge simulated for the historical period.  

The Brazilian interconnect generation system includes more than a 100 hydropower plants, 

in addition to solar and wind mills. Operational rules are defined to provide synergy of the system 

considering constrains such as power transmission lines, ecological and navigation requirements, 

hydrological seasonal regimes, cascade optimization, market regulations and power plant 

profitability (Corrêa da Silva et al., 2016). It is clear that, under climate change scenarios, those 

operational rules are likely to change drastically in response to climate and market future 

conditions. Because of the large source of uncertainties, and considering this study is restricted to 

the Tocantins Basin only, the operational rule adopted in this study maximize the generation of each 

reservoir regardless the rest of the cascade system. Although this simplification do not reflect the 

future operational conditions, it allows comparisons between current and potential future scenarios 

on an equal basis in each dam. 

The impact on energy production was accessed separately on large reservoirs and run-of-

river (ROR) hydropower plants (HPP) because of the different management rules. While large 

hydropower plants have seasonal and multi-annual management rules and continuous energy 

production, ROR have limited management capacity (usually between days and weeks) and long 

non-production period during dry season. For large reservoirs, we calculated the potential energy 

generation as recommended by Paish (2002) using equation 1 

 

Ep [MWm] = 0.0088 x Hm x Qm     (5.1) 

 

where Ep is the average energy potential [MW]; Hm is the average net head [m], which is assumed 

constant in all scenarios; and Qm is the mean net flow [m3 s-1]. The coefficient 0.0088 results from 

the product of the specific weight of water (1000 kg     m-3), the efficiency factors of the turbine 

(0.93) and generators (0.97), the force of gravity (9.81 m s-2) and the coefficient 1.10-6, which is 

used to the average energy to units of MW. 
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The effects of CC and LULCC on the potential energy generation of large reservoirs were 

studied at four HPP: Serra da Mesa HPP, which has been operational since 1998 and has an energy 

capacity of 1275 MW (MMA, 2006) and a net head of 129 m (FURNAS Centrais Elétricas SA, 

1996 apud Oliveira Mesquita, 2006); Peixe Angical HPP, which has been operational since 2006 

and has an energy capacity of 452 MW and a net head of 26 m (Martins-Filho et al., 2009); Luiz 

Eduardo Magalhães-Lajeado HPP, which has been operational since 2001 and has an energy 

capacity of 903 MW (MMA, 2006) and a net head of 29 m (Hahner, 2009); and Tucuruí, which has 

been operational since 1984 and has an energy capacity of 8370 MW and a net head of 60.8 m 

(Cidade Tucuruí, 2016).  

For ROR HPPs, we used the method proposed by Vogel and Fennessey (1995) to assess the 

impacts of CC and LULCC on the hydrological regime. The method analyzes the viability of an 

ROR HPP through the use of power duration curves (PDCs) derived from annual FDCs. First, we 

sorted the values of daily discharge in each simulation year, which resulted in an FDC for each 

year. Second, for each day of a year, we calculated the median of all years, which led to one FDC 

for a typical (hypothetical) year. Third, we calculated the energy production associated with each 

discharge to obtain a PDC for a typical (hypothetical) year. Fourth, the area under the PDC was 

integrated to determine the typical annual energy production (Vogel and Fennessey, 1994). 

We analyzed the viability of three ROR HPPs under different scenarios. The first is Cana 

Brava, which has been operational since 2002 and is permitted thorough 2033. It is an ROR HPP 

with an installed capacity of 450 MW, a head fall of 43.1 meters, a minimum flow discharge (MFD) 

of 150 m³s-1 (ANA - Agencia Nacional de Aguas, 2006) and a reservoir with a 139 km² surface 

area. Cana Brava is located in sub-basin “Carolina” (4) (ENGIE, 2016; MMA, 2006). The second is 

São Salvador, which has been operational since 2009 (Tractebel Energia, 2010) and is permitted to 

operate through 2023. It is an ROR HPP with an installed capacity of 243 MW, a head fall of 22.84 

meters, an MFD of 102 m³s-1 and a reservoir with a 104 km² surface area. The São Salvador plant is 

located in sub-basin "Carolina" (4) (ENGIE, 2016; MMA, 2006). The third is Estreito, which has 

been operational since 2011. It is an ROR HPP with an installed capacity of 1087 MW, a head fall 

of 18.9 meters, an MFD of 585 m³s-1 and a reservoir with a 555 km² surface area. The Estreito plant 

is located between the outfall of sub-basin "Carolina" (4) and sub-basin "Descarreto" (5) (ENGIE, 

2016; MMA, 2006). Figure 5.1 shows the locations of the ROR HPPs and large reservoir dams in 

the Tocantins Basin. For energy production purposes, we estimated the operational time of the plant 

as the time period when the river discharges were above the MFD. 
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5.3. Results and Discussion 

 

5.3.1. Hydrological Model Calibration and Validation 

 

Model calibration and validation show that MHD-INPE performed well in simulating 

historic stream flow at gauging stations in the Tocantins Basin. The NSE and NSELog indices were 

considered satisfactory at one of the gauging stations (Tesouro, superior to 0.5) and good and very 

good at the others (varying from 0.66 to 0.94) according to the range proposed by (Moriasi et al., 

2007). The volumetric errors were lower than 10% in most of the basin, except in São Félix do 

Araguaia, where a volumetric error of 13% was observed. The performance indices of the 

calibration of MHD-INPE model in the Tocantins Basin are shown in Table 5.1. 

For validation purposes, we calculated the regression lines between the indices derived from 

FDCs of hydrological simulations based on observed meteorological data and of modeled 

hydrographs based on meteorological conditions provided by a bias-corrected regional climate 

model, both for historical period. The modeled hydrographs showed good agreement with 

simulations for the nine sub basins, compared to the 1:1 line. For MWH, SEASON and QSM 

indices, the slopes were between 1.01 and 1.07. A small deviation is observed for MWL in some 

sub basins (slope = 0.84), indicating a possible underestimate of base flow. The coefficient of 

determination was higher than 0.89 for all indices, except for QSM (R2 is 0.73). Figure S5.1 details 

the validation results. 
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Table 5.1: Performance index results obtained for the calibration of nine gauging stations in the 
Tocantins Basin 

Sub-

basin 

Gauging Station NSE NSELog R2 ∆V 

1 Tesouro 0.51 0.61 0.52 0.09 

2 São Félix do Araguaia 0.78 0.73 0.82 0.13 

3 Xavantina 0.66 0.74 0.68 0.06 

4 Carolina 0.94 0.93 0.94 0.06 

5 Descarreto 0.94 0.95 0.94 0.02 

6 Conceição do Araguaia 0.69 0.68 0.78 -0.08 

7 Xambioá 0.67 0.66 0.76 -0.09 

8 Itupiranga 0.89 0.87 0.91 0.06 

9 Tucuruí 0.87 0.81 0.91 0.05 
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5.3.2. Impacts on Hydrology 

 

To evaluate the effects of CC on water production, the land cover was held constant based 

on 2008 conditions, and only the effect of CC was analyzed. Then, LULCC was included in the 

projection to compare the effects of CC and the effects of interactions between CC and LULCC 

(CC+LULCC). 

In the Tocantins Basin, the three CC scenarios considerably affected the LTA discharge 

compared to the historical period (Figure 5.2). For simplicity, the baseline used as a reference 

corresponds to the average of the simulations in the historical period using all Eta climate scenarios. 

The highest impact occurred in the M1 scenario with a decrease of approximately 20% from 2011-

2040 and 32% decrease from 2041-2070 in precipitation, resulting in corresponding decreased of 

39% and 57% in discharge. The second highest impact occurred in the M4 scenario, which also 

exhibited reductions in precipitation of 12% from 2011-2040 and 24% from 2041-2070, resulting in 

corresponding decreases of 30% and 50% in discharge. The M2 scenario exhibited precipitation 

reductions of 11% from 2011-2040 and 13% from 2041-2070, resulting in discharge reductions of 

26% and 28%. 

To address the combined impacts of CC and LULCC on the water production, Table 5.2 

presents the change in discharge resulting from CC and CC + LULCC compared to the baseline. 

Additionally, Table 5.2 illustrates the importance of considering the presence of regrowth 

(secondary forest) in the analysis. The decrease in discharge caused by CC was slightly minimized 

by deforestation effects. However, considering the presence of secondary forest growth in 

abandoned pastures reduced the attenuation caused by deforestation on the discharge in scenario C1 

and enhanced the effects of CC in scenario A by further decreasing the discharge compared to CC 

only simulations. Scenario C1 is a less sustainable scenario, in which the deforestation rate 

increases over time. This increase in deforestation can lead to a discharge increase due to the 

replacement of forest by pasture (Roberts, 2009). In scenario A, the decrease in deforestation and 

the abandonment of deforested areas lead to an increase in secondary forests (Figure S5.2). 

Subsequently, the discharge decreases due to the increased evapotranspiration rate (Giambelluca, 

2002; Von Randow et al., 2017), in spite of the low percentage of secondary forest. Table 5.2 shows 

the results for CC scenario M1, which had a major effect on discharge. Note that the model does not 

consider the potential effects of soil erosion caused by deforestation, which may diminish the soil 
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moisture input, affect soil moisture storage, and consequently influence runoff production (Wang 

and Shao, 2013). 

 

 

Figure 5.2 Projections of monthly long-term discharge at Tucuruí gauging station (representing the 

entire Tocantins Basin) for the periods between a) 2011 and 2040, b) 2041 and 2070, and c) 2071 

and 2099. The baseline is the average of simulations of MHD in the historical period fed with all 

Eta climate variants 
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5.3.3. Impacts on Energy Production 

 

We analyzed the effects of CC and CC+LULCC on energy production in three sub-basins: 

Carolina, which contains the majority of the HPPs in the Tocantins Basin, Descarreto and Tucuruí. 

Carolina and Descarreto did not exhibit a significant difference between the A and C1 LULCC 

scenarios because most of these areas are covered by savanna (Figure S5.2a and S5.2b), for which 

deforestation is not considered in the LUCC-ME scenarios. The Tucuruí basin includes areas 

drained by the Tocantins River where forest cover is expansive and differences exist between 

LULCC scenarios (Figure S5.2c). Therefore, for simplicity, analyses of the Carolina and Descarreto 

sub-basins were only performed for scenario C1, but both scenarios were analyzed in the Tucuruí 

sub-basin. 

 

5.3.3.1. Impacts on the Energy Production of Large Dams 

Changes in potential energy production in the future are assessed using historical 

simulations as a baseline. The energy potential of all three large hydropower dams decreases 

(Figure 5.3 and Figure S5.3) because the average reductions in precipitation were similar in all three 

sub-basins. However, the projected LUCC-ME scenario only induces significant changes to the 

vegetation cover in the Tucuruí dam basin (Figure S5.2c). 

As expected, changes in the potential energy production are similar to the changes on 

discharge. CC only causes a reduction of 27% to 38% in the first time-slice, and 29% to 56% in the 

second time-slice, in comparison with the energy production estimated with baseline discharge. 

When the C1 LUCC-ME scenario is considered the reduction is slightly lower (reduction of 26% to 

37% in the first time-slice, and 27% to 56% in the second time-slice), mainly because deforestation 

increases under this scenario, which increases discharge in each basin. Conversely, the decrease in 

the energy potential becomes more pronounced when scenario A is considered (reduction of 29% to 

40% in the first time-slice and 32% to 58% in the second time-slice). Under this scenario, the 

deceleration of deforestation increases secondary forest growth (Figure S5.2c.1) and promotes 

higher evapotranspiration rates (see Table S5.1) and lower water excess and runoff. Thus, the 

combined effects of CC and LULCC are enhanced. 
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Figure 5.3 Projected impacts on the energy potential at Tucuruí dam caused by climate change only 

and climate change plus land use change scenarios 

 

The offset of CC due to LULCC can be seen in scenario C1. In this scenario, primary forest 

cover decreases and pasture land increases, while the areas of secondary forest remain nearly 

unchanged. When the LULCC scenario C1 is considered, the energy production decrease is lower 

than when only CC is taken into account.  

In scenario A, even with only approximately 10% of secondary vegetation, in addition to the 

decrease on energy potential caused by CC, evapotranspiration further decreases the energy 

potential from 2011-2040 by 2% and that from 2041-2070 by 3%. 

In scenario C1, when deforestation increases over time and the area of secondary forest is 

small and unchanged, the energy potential increases only 1% from 2011-2040 and 2% from 2041-

2070 compared to only considering CC. 

In the Carolina and Descarreto sub-basins, the decrease occurs mainly as a result of CC in 

both the 2011-2040 and 2041-2070 periods (Figure S5.3) because these basins do not undergo 

significant LULCC (Figures S5.2a and S5.2b). Although the precipitation reduction varied from 

10% to 38% in the CC scenarios, reductions in the discharges were higher resulting in more severe 

impacts on the energy potential, which varied from 30% to 80% reductions based on the current 

potential. As expected, the highest impact occurred in the M1 scenario, which was associated with 

the most significant decrease in precipitation in comparison to that in the historical period.  
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Our results are comparable to the findings of other studies in Southern Amazon Basin 

(Mohor et al., 2015; Siqueira Jr et al., 2015; Stickler et al., 2013), which showed that the increase in 

deforestation rates may partly counterbalance effects of precipitation reduction. However, and 

unless previous studies, our analysis showed that secondary forest regrowth in abandoned areas 

might play an important impact on water availability.  

 

5.3.3.2. Energy Production of Run-of-River Dams 

The typical PDCs for hydroelectric generation at the Cana Brava, São Salvador and Estreito 

HPPs are presented in Figure 5.4, considering the median values from 2041-2070, which is assumed 

as the HPP lifetime. For comparison, the baseline represents the PDC of the historical period 

simulations (1970 to 1990) obtained using observed data. We can see that in historical period 

simulation, although there was a reduction on the energy production during part of the time, the 

discharge was above the minimum flow of the plant, and the plant remained operational 100% of 

the time. 

As previously discussed for large dams, in sub-basins 4 and 5, the impact on runoff is due to 

CC; therefore, only CC is examined in this section. The most critical projection scenario (M1) 

indicates that Estreito is the plant that is affected the most based on the time of operation. Notably, 

the plant is non-operational 77% of the time. The second most affected plant is São Salvador, which 

is non-operable 65% of the time from 2041-2070. Additionally, Cana Brava does not operate 59% 

of the time in this period (Figure 5.4). In terms of the effect on energy production per year based 

between 2041 and 2070, the Estreito HPP production is 5.2 x 105 MWh/year, which is 87% lower 

than the hypothetical production of 3.96 x 106 MWh/year simulated for the historical period for this 

HPP. Cana Brava exhibited the second highest reduction in production per year of 85%, which 

represents a decrease of 2.16 x 106 MWh/year from the hypothetical production in the historical 

period to 3.2 x 105 MWh/year. Finally, São Salvador exhibited a production of 2 x 105 MWh/year, 

which represents a reduction of 83% of the hypothetical production of 1.2 x 106 MWh/year in the 

same period. Therefore, we noted that a reduction of 12% to 38% in precipitation causes a drastic 

reduction of up to 90% in the operating time of the HPPs. 
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Figure 5.4 Annual processed power duration curves based on median daily values at Tocantins run-

of-river HPPs for the period between 1970 and 1990 (baseline, black lines) and 2041 and 2070 

(future simulations, colored lines). The baselines are obtained using observed data as input. 
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5.4. Conclusions  

 

CC projections of reduced rainfall over Tocantins basin induced decreases in discharge 

simulated by the MHD-INPE hydrological model in the entire basin. However, this reduction was 

weakened when land use change scenarios provided by the LUCC-ME model were included in the 

simulations. These changes increased the discharge when only deforestation, without regrowth, was 

considered. The weakening occurred mainly in scenario C1, which considers significant social 

inequality and the depletion of natural resources, i.e., high deforestation. However, when the 

regrowth of secondary vegetation in deforested area is considered in LULCC scenario C1, the 

effects are of similar magnitude to the CC-only impacts, and even enhanced in sustainable scenario 

A as a result of the high evapotranspiration rate of secondary forests in comparison with the 

evapotranspiration of pastures and primary forests. 

The energy potential of large dams and the expected operating time of ROR HPPs decrease 

significantly as a result of the decrease in discharge due to CC. Additionally, LULCC moderately 

counteracts these effects. Nevertheless, the region of the Tucuruí HPP includes an area of secondary 

forest and the decrease in its energy potential may again become pronounced when scenario A is 

considered due to the deceleration of deforestation and the conversion of pasture into secondary 

forest.  

Due to the uncertainties about the rules of operation of the Brazilian interconnected system 

under climate change scenarios, the operational rule adopted in this study maximize the generation 

of each power plant. Future studies should consider the large varieties of conditions that would 

affect the generation of the reservoir cascade of the basin. Also, our simulations did not include 

scenarios involving water consumption. In these cases, the reduction in potential energy production 

may be further magnified. 

Despite the high variability among the climate model integrations, the annual energy 

production is likely to decrease based on the analyzed projections and the current HPP design. 

However, MHD does not consider the effects of erosion and consequent silting caused by 

deforestation, and these factors would affect water production.  

Our results highlight the importance of including the effects of CC and LULCC, such as 

deforestation and secondary forest growth, in assessments of the water resource availability, energy 

production and the feasibility of HPP deployment. 
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Chapter 6 

Synthesis 
 

6.1. General discussion 

 

The objectives of this thesis are to investigate how the evapotranspiration changes spatially 

and seasonally in pasture areas; to compare the evapotranspiration of deforested with undisturbed 

areas; and to understand the potential effects of forest regrowth after the abandonment of deforested 

areas on the water cycle. Furthermore, from the knowledge acquired on evapotranspiration in 

different land covers, to analyze the future water production under climate change scenarios. To 

achieve these objectives, data collected at two different regions in Amazonia were analyzed: one in 

Southwestern, with a well-defined dry season and one in Central region, where the seasonality of 

climate is less pronounced. At both regions, sites covered by pastures and primary forests were 

investigated, and in Central Amazonia, one additional site covered by a 20 years old secondary 

growth was also analyzed. Besides the field data collection, this work is one of the first to consider 

the hydrological impacts of secondary forest on water production, using a hydrological model 

driven by different climate change scenarios (CC) and two future socioeconomic-based potential 

land-cover land-use change scenarios (LCLUC) on regional scale. 

It is known that the conversion of forest to pasture reduces the evapotranspiration. The two 

pasture sites analyzed in this study present much lower evapotranspiration than in forests during the 

dry season, and with only one of them reaching an amount similar to the primary vegetation in the 

wet season (Chapter 2). Investigating what controls the evapotranspiration in pastures in 

comparison with the primary forest, in Chapter 3 it was found that the pasture evapotranspiration is 

primarily controlled by the atmospheric conditions during the wet season. But, during the dry 

season, a significant biological control of transpiration by the pasture is observed especially in the 

afternoon. Then, in its turn, after pastures are abandoned as a result of low productivity, the 

secondary growth that replaces those areas reaches higher rates of evapotranspiration than in 

primary forests (Chapter4). Considering different land use covers on the hydrological modeling 

under climate change scenarios (CC) in Chapter 5, the model projected a decrease in discharge, but 
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when deforestation scenarios without secondary growth are considered, the effects of CC are 

weakened. Nonetheless, when secondary growth is considered, the effects of CC are enhanced.  

From the data presented some parameters calculated in the Chapters 2 to 3 were used in 

Chapter 5 to calibrate and validate MHD model against the measured discharge of Tocantins river 

basin. After the calibration of the model, the parameters resulted from measurements and 

calculations of Chapter 4 could be used to also include the effects of secondary growth on water 

cycle of the basin under future land use and climate change scenarios. 

Five research questions (RQs) were addressed to investigate the variation of 

evapotranspiration on different land uses in different Amazon regions and the impacts that the 

changes on land cover could cause on water production. The answers and the scientific context of 

these research questions are presented below. Section 6.2 presents the scientific contribution of the 

present research and the Section 6.3 presents the outlook and recommendations for future research.  

 

 

RQ 1 Are there spatial variabilities between pastures in Central and Southwestern 

Amazonia associated to seasonality differences? 

 

From previous studies in Amazonia, scientists have known that pastures have shallow root 

systems and suffer stress during dry periods (Da Rocha et al., 2009; Negron-Juárez et al., 2007; Von 

Randow et al., 2004). However, with observations restricted to only few sites it is difficult to know 

to what extent this stress differs, since the magnitude of seasonal variability, as the length of the dry 

season for instance, is not the same across Amazonia. This work contributes to better understand 

this spatial variability by analyzing data collected in-situ in sites with distinct seasonality.  

The results showed that evapotranspiration is around 2.5 mm day-1 during the dry season in 

Central and South-western Amazonia, while during the wet season it is 2.1mm.day-1 in Central 

Amazonia and 3.5 mm.day-1 in the South-western. This shows that the evapotranspiration was low 

at both locations during the dry season as expected due to the water stress, but, unexpectedly, 

during the wet season, the evapotranspiration remained low at Central Amazonia site, associated 

with much lower net radiation, lower biomass and LAI in that site, compared to the Southwestern 

site, where evapotranspiration increases significantly.  
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RQ 2 What are the controls of evapotranspiration in pastures of different regions in 

Amazon? 

 

To address this question, the main drivers of evapotranspiration were identified at both 

Southwestern and Central Amazonia, calculating the decoupling factor (Ω) proposed by (Jarvis and 

McNaughton, 1986). The decoupling factor is an index that indicates whether the 

evapotranspiration is controlled by the vegetation through the stomatal resistance or is decoupled 

from the surface and controlled by the energy available. The closer to 1 the greater the control of 

the atmospheric conditions (mainly available energy), while a value close to 0 indicates a strong 

influence of vegetation (strong coupling between the evapotranspiration and biological activity of 

stomata opening or closing). 

Analyzing hourly averages of Ω during dry seasons, a similar pattern and magnitude of the 

coupling at both sites was observed, with well coupled conditions between the transpiration and the 

biological activity of the plants at the two locations. This suggests that, in general, pasture 

vegetation controls dry season water loss across the whole region, even in areas with modest dry 

periods. 

In the wet season, the pattern and magnitudes of Ω differed between the two sites. On one 

hand, Ω still indicates coupling between the evapotranspiration and the pasture controls at Central 

Amazonia, but on the other hand, there is very little control of water loss by the Southwestern 

pasture, and the evapotranspiration is generally directly related to the available energy. 
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RQ 3 How does pasture differ from the forest on the evapotranspiration control in the wet 

and dry seasons? 

 

From previous studies, it is known that the evapotranspiration differs between forests and 

pastures in Amazonia (e.g. Souza-Filho et al., 2005, Hasler and Avissar, 2007, Costa et al., 2010, 

Christoffersen et al., 2014, von Randow et al. 2004; von Randow et al. 2012, D’Almeida et al. 

2007). Pastures like Colosso, presented in Chapter 2, presents a significant reduction in 

evapotranspiration in comparison to primary forest during the entire year. Nonetheless, to answer 

the RQ3, the analysis went a bit further to focus on finding the differences on the control of 

evapotranspiration between forests in Central and Southwestern Amazonia and a pasture in the 

Southwestern. Chapter 3 shows that during the wet season, evapotranspiration is energy-controlled 

during the morning at forest sites and during all day for the pasture site. During the afternoon the 

control is exerted by the vegetation at both forests. During the dry season, evapotranspiration 

control is mainly exerted by the vegetation at both forests and during the afternoon in the pasture. 

Similar results were obtained by Mallick et al. (2016), using a different approach to calculate a 

canopy-scale estimate of stomatal and aerodynamic conductances. The authors have also obtained 

that wet season transpiration is predominantly driven by the net available energy at forests and the 

in same pasture analysed in this work, and that biophysical control on transpiration is dramatically 

increased during dry periods. 

Synthesizing the values found in this thesis, aerodynamic resistance in the forests is around 

20 to 40 s.m-1 during wet and dry seasons, while it varies from 70 to 100 s.m-1 at pasture. Stomatal 

resistance varies daily and seasonally, being higher in the afternoon and in the dry season for all 

sites. During wet season, rs is almost the same in the three sites, varying from 50 to 150 s.m-1 during 

the day. During the dry season, rs increases up to 500 s.m-1 in the forests sites, while in the pasture it 

reaches 1800 s.m-1 due to the lower water availability and shallow root depth.  

 

 

 

 

 



 
 

 
103 

 

RQ 4 What are the potential effects of secondary regrowth after abandonment of 

deforested areas on evapotranspiration and water use efficiency? 

 

Knowing the high potentiality of abandonment of pastures due to low productivity in 

Amazonia, the evapotranspiration from a 20 years old secondary forest against the 

evapotranspiration from a primary forest, both at Central Amazonia, were investigated in Chapter 4. 

On average, over 4 years of concurrent measurements, evapotranspiration was 20% higher in the 

secondary forest (3.6 mm.day-1) than in the primary forest (3.1 mm.day-1), while gross primary 

productivity was only 5% higher (8.0 gC.m-2.day-1 in the secondary forest, 7.7 gC.m-2.day-1 in the 

primary forest), except during the dry season, when the gross carbon uptake was the same in both 

sites. Conversely, water use efficiency was lower in the secondary than in the primary forest (10% 

during the wet season and 15% during the dry season), showing that the secondary forest seems to 

have less control over water loss to assimilate the same amount of carbon. 

These results highlight the importance of secondary regrowth on the Amazon regional water 

balance, with potential to compensate for evapotranspiration reduction of deforested and 

unproductive areas.  

 

 

 

RQ 5 What are the potential effects of climate change and land cover change, including 

secondary growth, on the local hydrology and possible impacts on ecosystem services? 

 

GCM models indicate that climate change will alter the hydrological regime, with a majority 

of projections decreasing precipitation in Eastern Amazon over the 21st century (Malhi et al., 2009). 

This will change the river discharge, affecting all the ecosystem services related to water 

availability. In Chapter 5, the MHD-INPE hydrological model was used to simulate future 

discharge for the Tocantins basin, the eastern most large tributary of the Amazon basin, driven by 

three climate change scenarios of the regional atmospheric model Eta-INPE, and projected large 

decreases in discharge (up to 39% in the first time slice of future climate analyzed, reaching 65% 



 
 

 
104 

reduction in the end of the century, compared to a baseline period from 1970-1990), induced by 

projections of reduced rainfall and increased temperatures.  

Similar hydrological projections under different climate change scenarios are found in the 

literature for the Southern Amazon tributaries as Purus, Madeira, Tapajós and Xingu. The 

projections for Madeira river that used different climate models and scenarios resulted in reductions 

in lower and higher discharges with different extents between models (Siqueira Jr. et al., 2015). 

Similar to this work, climate change is projected to reduce the Tapajós river discharge for most of 

the scenarios, except for one model that showed a significant increase in the discharge (Mohor et 

al., 2015), and reductions in discharge were also found for Purus basin (Dalagnol et al., 2017).  

In Chapter 5, when the model simulates effects of both climate change and deforestation in 

the future, the previous projections of reductions in discharge are slightly weakened, projecting a 

reduction of up to 35% in the first analyzed time slice, reaching 63% of reduction on discharge in 

the end of the century. The same was observed on projections considering the conversion of tropical 

forest to pasture or farming at Madeira river basin (Siqueira Jr et al., 2015) and over the entire 

Amazon basin (Guimberteau et al., 2017) as a result of the decrease of evapotranspiration and 

consequent increase on discharge. 

Nonetheless, none of the previous modelling exercises in the literature considered the 

secondary forest growth as taken in account in this study. Depending on the socioeconomic scenario 

considered, a substantial part of the current and future deforested areas in the lower Tocantins basin 

may be restored with secondary forest regrowth. When these secondary regrowth scenarios are 

included in the model, combined to the effects of climate change, the modeled discharge suffered an 

enhanced reduction on top of the climate change effects (up to 41% in the first future time slice 

analyzed, reaching 67% reduction in the end of the century, on the more sustainable land use 

scenario) due to the high evapotranspiration of secondary forests. The potential energy production 

of Tocantins river was analyzed under all previous land use change scenarios for Tucuruí power 

plant, and a decrease in energy production was projected accordingly, with up to 58% of reduction 

in 2041 to 2070 time slice. More importantly, even in the case of some CC scenarios, which predict 

that climate change is no likely to affect significantly future Tocantins basin mean annual river 

discharges, increased discharge seasonality (and consequently reduced river regularization) will 

reduce hydropower outputs in all cases analyzed. 
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6.2. Scientific contributions of this work  

 

In this thesis, water and carbon fluxes were measured under three different land covers in 

Central and Southwestern Amazonia during several years. Although surface fluxes and carbon 

uptake has been measured in pasture and forests sites in Amazonia before, eddy covariance 

measurements of secondary vegetation areas were not available until now, which makes the results 

of this study unique. Furthermore, parameterizations of conductance are used in most climate 

models, therefore, understanding the functioning of vegetation cover is important for environmental 

studies. The parameterizations provided in this work contributed to guide studies developed on 

other regions on better understanding the spatial and seasonal variability of different land covers, 

and the role of them on water cycle components, energy balance partitioning, climate factors 

influences on soil moisture (Da Silva Júnior et al., 2017; Feng, 2016; Feng and Liu, 2015; Ferreira 

et al., 2013; Harper et al., 2014; Hirano et al., 2015; Mallick et al., 2016; Rodrigues et al., 2016; 

Salazar et al., 2018; Souza et al., 2012; Xu et al., 2018). 

This work found that secondary forest growth plays an important role in minimizing the 

impacts of land cover and land use changes from primary forest to pasture on the water balance in 

Amazonia, since the secondary forest contributes with higher transpiration than pastures, and even 

higher than in the primary forest. This indicates that secondary forests can contribute to the 

maintenance of moisture production of the Amazon region and the transport of moisture to the 

subtropical region of South America, feeding its precipitation regime. 

Also, secondary forest takes more carbon from the atmosphere than pasture sites, playing an 

important role on carbon uptake from the atmosphere together with primary forest, minimizing 

emissions from deforestation. 

Modeling the CC and LULCC impacts on water production considering the main vegetation 

types of rainforest biome (including secondary growth) studied in this work, promotes a more 

realistic projection of water yield and the future effects on the ecosystems services depending on it. 

This result was mentioned in the work of Fearnside (2019) about hydropower plants in Amazonia, 

arguing whether the environmental and social impacts of those types of constructions pays off under 

climate change scenarios. The modeling results of this work and the way that it was conducted, 

analyzing the extremes conditions of land use change scenarios developed by Aguiar et al. (2016), 

could inspire follow-up studies in other basins in the region (e.g. Farinosi et al., 2019).  
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6.3. Implications and recommendations for future work 

 

Considering that tree restoration might be perceived as one of the most effective strategies 

for climate change mitigation, data on the potential benefits of secondary regrowth on carbon 

uptake are essential for quantifying the economic and social benefits of mitigation policies. In 

addition to the benefits in terms of carbon fixation, secondary forests may provide an important 

contribution to the water cycle of the region, with higher evaporative fraction than that of primary 

forests, which can partially compensate for the effects of the conversion of forest to pasture and 

agriculture on energy and water balances. Results of this thesis also suggest that secondary forest 

will impact hydroelectricity under a changing climate, therefore water consumption in secondary 

forest might have additional implications for competing water uses. Nonetheless, this study presents 

only one site of secondary forest, that might be not representative of all Amazon biome, since the 

chapters 2 and 3 showed that there is spatial variability on the other vegetation covers. Therefore, it 

is important to collect data of secondary forest on other regions of Amazon. 

Higher evapotranspiration rates in the secondary forest compared to the primary forest could 

not be explained by a clear difference in the available energy, temperature or humidity at the sites. 

Still, seasonal changes in albedo present different patterns between the sites. At primary forest, 

albedo peaks in the beginning of the dry season, probably in response to flushing of new leaves, a 

result pointed out by several recent papers (Restrepo et al., 2013; Wu et al., 2016), while at the 

secondary forest, the albedo peaks later, at the end of the dry season. The peak of albedo at the 

primary forest suggests an evolutionary strategy of leaf phenology pattern among leaf flushing 

species to increase ecosystem-scale photosynthetic capacity, as the amount of light increases as a 

result of the decrease of cloud cover during the dry season (Lopes et al., 2016; Wu et al. 2016), and 

the pioneer species of the secondary regrowth likely miss the same evolutionary strategy. A more 

detailed study of the leaf phenology on secondary species is needed to confirm this hypothesis. 

It is also important to mention that the model simulations used in this thesis considers direct 

effects of climate change on discharge but did not include feedbacks between the changes in the 

land use to rainfall production in the basins. For instance, deforestation might impact regional 

climate in the long term by reducing precipitation recycling in the region, which then may feedback 

reducing discharge (Lima et al., 2014). Investigating the potential impacts of deforestation and 
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possible regrowth of secondary forests throughout the Amazon using coupled climatic and 

hydrologic models is important.  

Results of Chapter 5 highlight the importance of including the effects of CC and LCLUC, 

including forest regrowth, in assessments of the water resource availability, energy production, and 

the feasibility of hydropower deployment. But the simulations did not include scenarios involving 

water consumption or erosion. In these cases, the reduction in potential energy production may be 

further magnified. Also due to the uncertainties about the rules of operation of the Brazilian 

interconnected energy system under climate change scenarios, the operational rule adopted in this 

study maximizes the generation of each power plant. Future studies should consider the large 

varieties of conditions that would affect the generation of the reservoir cascade of the basin. 

 

Based on the implications discussed above, future investigations recommended by this work 

are indicated as follows: 

 

• Collect new data on other secondary forests in different Amazon sites to better understand 

the spatial variability of this type of vegetation in the entire biome; 

• Investigate the phenology of secondary forests in terms of albedo and leaf dynamics and 

their relationship with seasonal patterns of luminosity and water availability; 

• Work with coupled climatic and hydrologic models, including secondary growth to evaluate 

their impact on future river discharge;  

• Study the effects of CC and LULCC on water yield and consequently on energy production 

in the interconnected energy system. 

 

Secondary forest plays an important role on the maintenance of moisture production and 

transport to other regions of South America and on partial re-absorption of carbon emitted during 

deforestation. And, in spite of the higher uptake of carbon from secondary forest, observations 

revealed that the primary forest over performed the secondary regrowth in terms of water use 

efficiency, indicating that carbon fixation in the secondary forest occur at the expense of higher 

water loss and consequently on ecosystem services, which indicates that avoiding deforestation is 

more efficient than promoting tree regrowth. Therefore, secondary forest can be considered an 

allied of primary forest to minimize the effects of deforestation, but never a substitute. 
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The following information constitutes supplementary material to Chapter 2. 

 

Table S2.1: Instruments installed at FNS and CO sites 
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The following information constitutes supplementary material to Chapter 5. 

 

 

 

Figure S5.1 Plots comparing indices derived from flow duration curves (FDCs) of simulation of 

MHD fed with observed data and MHD fed with climate model data for historical period (1970-

1990). a) high-flow segment volume of FDC (MWH); b) flow segment volume of FDC (MWL); c) 

slope between the 0.2 and 0.8 quantiles of FDC (QSM) and d) the difference between dry and wet 

seasons (SEASON). The values of discharges are in m3.s-1. 
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Figure S5.2 Percentage of land use and land cover change projected by LUCC-ME for A) Carolina 

sub-basin; B) Descarreto sub-basin and C) Tucuruí sub-basin. The first column presents the results 

of scenario A, and the second column presents the results of scenario C1. 
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Figure S5.3 Projected effect on the energy potential at the Lajeado, Peixe and Serra da Mesa dams 

caused by climate change only 

 

 

 

 

TableS5.1: Change in evapotranspiration (percentage) at the Tucuruí basin based on LULCC 
scenarios A and C1 in comparison with CC only (EtaM1) 

Evapotranspiration 

(mm.year-1) 

Deforestation w/o 

secondary forest 

 Deforestation w/ 

secondary forest 

 1CC only ScenA 
(%) 

ScenC1 
(%) 

 ScenA 
(%) 

ScenC1 
(%) 

Baseline 1084.83      

2011-2040 1007.65 -1.7 -2.2  1.1 -0.5 

2041-2070 900.80 -1.5 -2.6  1.6 -1.0 

1For CC only, LULCC was fixed based on the land use and land cover in 2008. 
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The objective function used in MHD model optimization for the SCE-UA (Shuffle Complex 

Evolution – University of Arizona) is based on the average of Nash-Sutcliffe and Nash-Sutcliffe of 

discharges logarithms efficiency coefficients. Convergence criteria is defined based on the minimal 

percentage of improvement in the objective function, which was fixed in 0.001. Model calibration 

was based on 9 parameters related to the soil water distribution described in the Table S5.2. Table 

S5.3 shows the results of the calibration procedure of the hydrological model using observed data 

for the period 1970 – 1990 as input.  

 

 

Table S5.2: Soil Parameters used in the MHD calibration. 

Symbol Unit Description of the parameter 

D1 m Thickness of the upper soil layer 

D2 m Thickness of the intermediate layer 

D3 m Thickness of the bottom layer 

Kss m.day-1 Saturated hydraulic conductivity 

Tsub m².day-1 Maximum transmissivity of the bottom layer 

µ - 
A parameter that represents the decay of the transmissivity 

with the thickness of the saturated zone 

CSI % Minimum subterraneous storage that generates flow 

Csup sec In-cell routing parameter for surface and subsurface flows 

Cb sec And routing water storage parameter for base flows 
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Table S5.3: Soil Parameters for the calibration period 1970-1990. 

BACIA D1 D2 D3 KSS TSUB µ CSI Csup Cb 

1 0.58 0.04 9.52 0.49 2.20 1.99 1.00 0.17 0.07 

2 1.00 5.26 23.84 0.09 0.01 2.00 0.96 2.80 9.97 

3 0.25 1.17 23.90 0.28 1.12 2.00 0.13 2.18 2.53 

4 0.68 0.30 2.44 0.03 2.97 1.00 0.98 0.32 0.42 

5 0.69 0.83 0.04 0.01 284.97 1.50 0.85 4.95 0.01 

6 0.03 6.68 40.95 1.25 35.82 1.09 0.01 5.72 0.04 

7 1.00 0.01 0.01 14.97 483.70 1.02 0.00 0.93 9.99 

8 0.91 1.20 83.57 0.04 245.60 1.07 0.14 99.07 0.01 

9 0.00 14.84 99.99 0.00 11.17 1.01 0.00 32.60 9.99 

 

 

Table S5.4: FDC’s signature measures used for the validation of the hydrological model. 

Name Equation Description 

Season 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 –  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

  
Differences between wet 
and dry seasons discharges 

QSM 0.8 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 −  0.2 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

  
Slope of the FDC at the 
medium range, indicating 
the variability in the 
medium range of the runoff 
coefficients 

MWH ∑ 𝑄𝑄ℎ𝐻𝐻
1

𝐻𝐻
  

h = 1, 2, ...H flows with exceedance probabilities <0.02 

 

High flow segment of the 
FDC, which indicates the 
watershed response to large 
precipitation events 

MWL 
 
∑ 𝑄𝑄𝑄𝑄𝐿𝐿
1

𝐿𝐿
  

l = 1, 2, ...L flows with exceedance probabilities 0.7 - 0.95 

Low-flow segment of the 
FDC. Indicates the long-
term sustainability of flow 
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Figure S5.4 Hydrographs for the nine gauging stations simulated (red) and observed (blue) daily 

discharges for the calibration of the period 1970-1990 
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Figure S5.4 (Continuation) 
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Figure S5.4 (Continuation) 
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Summary 
 

 

The Amazon rainforest, the world’s largest tropical rainforest, plays an important role on 

climate regulation by carbon fixation and cooling temperature throughout its high 

evapotranspiration rates. Nonetheless, the biome is pressured by deforestation on large part of its 

territory. The abandonment of deforested area due to low productivity and natural resources 

exhaustion, have resulted in a landscape characterized by a mosaic of several land covers, mainly 

the natural forest, pastures and secondary growth. This thesis aims to evaluate the seasonal and 

spatial variability of the fluxes of evapotranspiration over diverse Amazon land covers, with the 

purpose of investigating whether natural recovery counterbalances the effects caused by 

anthropogenic actions on the water cycle components. Besides that, the impact of future scenarios 

of land use and land cover change in combination with global climate change on river discharges 

and hydropower was also evaluated in an Amazon tributary by explicitly modeling the role of each 

land cover on evapotranspiration. 

Water and carbon fluxes were measured by eddy covariance and scintilometry besides other 

micrometeorological data, in three different land covers in Central and Southwestern Amazonia, in 

order to compare the effects of deforestation and natural regrowth on the water cycle components. 

The conversion of forest to pasture reduces the evapotranspiration. Two pasture sites 

analyzed present much lower evapotranspiration than in forests during the dry season, and with only 

one of them reaching the same rates of evaporation of primary vegetation during the wet season. 

Nonetheless, when pastures are abandoned due to low productivity, the secondary growth that 

replaces those areas reaches evapotranspiration 20% higher than that in primary forest at both dry 

and wet seasons. The gross primary productivity of the secondary vegetation is also higher than the 

primary in the wet season, but in a lower percentage (5% higher), and the same during the dry 

season.  

Besides the field data collection, this work is one of the first to consider the impacts of 

secondary forest in the hydrological modeling driven by different climate change scenarios (CC) 

and two future socioeconomic-based potential land-cover land-use change scenarios (LCLUC) on 

regional scale. The model projected a decrease on discharge under CC scenarios, and when 
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deforestation scenarios without secondary growth are considered, the effects of CC are weakened. 

However, when secondary growth is also considered, the effects of CC are slightly enhanced. 

Results suggest that different aspects of environmental change, such as secondary growth, may 

affect water production and the sectors depending on it. For example, the potential energy 

production for Tucuruí power plant, is projected to decrease of up to 58% under all land use change 

scenarios in 2041 to 2070 time slice. 

Secondary forest growth plays an important role in minimizing the impacts of land cover 

and land use changes from primary forest to pasture on the water balance in Amazonia, since the 

secondary forest contributes with higher transpiration than pastures, and even higher than in the 

primary forest. This indicates that secondary forests can contribute to the maintenance of moisture 

production of the Amazon region. 

In addition, secondary forest takes more carbon from the atmosphere than pasture sites, 

playing an important role on carbon uptake from the atmosphere together with primary forest, 

minimizing emission from deforestation. 
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