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ABSTRACT 

 

The movement and storage of water in forests play an important role in the integrated planning, 

development and management of water resources. These processes are particularly relevant in 

semi-arid regions. This document is divided into three chapters organized in the format of 

scientific articles. The entire PhD dissertation is based on the study of ecohydrological 

phenomena that occur in the soil-plant-atmosphere continuum. The chapters follow a broad line 

of investigation, starting with a more detailed hydrological process in a smaller area and ending 

with an approach in larger areas. The first chapter (I) is the one that, of the three, goes deeper 

into the study of the processes that occur in the soil-plant-atmosphere continuum, dealing with 

the variation of water storage in the plant in Caesalpinia pyramidalis Tul. and its relation to 

external events. In this first study, the Caatinga was used as an area designation. It was observed 

that the emergence of leaves occurred with a stem moisture of 0.32 m3.m-3. Catingueira plants 

are able to absorb water below the potential commonly determined as permanent wilting point 

(-1.5 MPa). The volume of water stored in the plants represents 17% of the maximum volume 

observed in the reservoir that receives all the water drained from the hydrographic basin during 

the study period. In the second chapter (II) it was intended to deepen the study of one of the 

phenomena related to evapotranspiration, the sap flow in the plant. In addition, in the second 

chapter, the study area was expanded to Tropical Seasonally Dry Forest, studying in particular 

the species Caesalpinia pyramidalis Tul., popularly known as catingueira, which is a strong 

representative of the biome that gives it its name. It was identified that catingueira plants have 

the ability to perform inverse sap flow at night and predawn basically throughout the year. 

Higher sap flow was observed in the transition seasons due to atmospheric conditions and soil 

moisture. There was a superiority of 46% of the catingueira sap flow in the rainy season 

compared to the dry season. It was noticed that the nocturnal sap flow is more significant in the 

driest months, demonstrating another adaptive strategy of the species. The third and final 

chapter (III) is the one with the broadest spatial approach of the three. The study deals with the 

hydrological process of evapotranspiration, which was carried out for two distinct semi-arid 

zones, one in Brazil (Caatinga) and another in Spain (Pinares), using remote sensing. It was 

found that the annual amplitude of potential evapotranspiration (ET0) is the same in both areas, 

but the values of the Caatinga are higher. The Caatinga forest presented greater spatial variation 

of real Evapotranspiration (ETa) than the Pinares forest, as well as a greater extension with less 

temporal stability of the ETa than the Pinares forest. Both the Caatinga forest and the Pinares 

forest showed significant positive trends in annual ET0 and ETa. We estimate that the value of 



 
 

ETa increases faster in Pinares than in the Brazilian Caatinga. Taking the Caatinga as a 

hydrological mirror, some consequences are expected for Pinares, such as significant changes 

in the water balance, increased vulnerability of biodiversity and reduced water availability in 

the soil and in reservoirs. 

 

Keywords: ecohydrology; Caatinga; Pinares; sap flow; remote sensing; evapotranspiration  



 
 

RESUMO 

 

O movimento e armazenamento de água em florestas desempenha um papel importante no 

planejamento, desenvolvimento e gestão integrados de recursos hídricos. Esses processos são 

particularmente relevantes nas regiões semiáridas. O presente documento encontra-se dividido 

em três capítulos organizados no formato de artigos científicos. Toda a tese é baseada no estudo 

de fenômenos ecohidrológicos que ocorrem no continuum solo-planta-atmosfera. Os capítulos 

seguem uma linha de ampliação de investigação, começando com um processo hidrológico 

mais detalhado em uma menor área e findando com uma abordagem em áreas mais amplas. O 

primeiro capítulo (I) é o que, dos três, mais se aprofunda no estudo dos processos que ocorrem 

no continuum solo-planta-atmosfera, tratando da variação de armazenamento de água na planta 

em Caesalpinia pyramidalis Tul. e de sua relação com eventos externos. Nesse primeiro estudo 

utilizou-se como designação de área a Caatinga. Observou-se o surgimento das folhas ocorreu 

com umidade caulinar de 0,32 m3.m-3. As plantas de catingueira são capazes de absorver água 

abaixo do potencial comumente determinado como ponto de murcha permanente (-1.5 MPa). 

O volume de água armazenada nas plantas representa 17% do volume máximo observado no 

reservatório que recebe toda a água drenada da bacia hidrográfica, durante o período de estudo. 

Já no segundo capítulo (II) pretendeu-se aprofundar no estudo de um dos fenômenos 

relacionados com a evapotranspiração, o fluxo de seiva na planta. Além disso, no segundo 

capítulo ampliou-se a área de estudo para Floresta Tropical Sazonalmente Seca, estudando em 

particular a espécie Caesalpinia pyramidalis Tul., conhecida popularmente como catingueira, 

que é uma forte representante do bioma que lhe dá o nome. Identificou-se que as plantas de 

catingueira apresentam a capacidade de realizar fluxo inverso de seiva no período noturno e 

predawn basicamente durante todo o ano. Foi observado maior fluxo de seiva nas estações de 

transição devido as condições atmosféricas e de umidade no solo. Verificou-se uma 

superioridade de 46% do fluxo de seiva da catingueira no período chuvoso em relação ao 

período seco. Percebeu-se que o fluxo de seiva noturno é mais significativo nos meses mais 

secos, demonstrando mais uma estratégia adaptativa da espécie. O terceiro e último (III) 

capítulo é o de abordagem espacial mais ampla dos três. O estudo trata do processo hidrológico 

evapotranspiração, que foi realizado para duas zonas semiáridas distintas, uma no Brasil 

(Caatinga) e outra na Espanha (Pinares), utilizando sensoriamento remoto. Verificou-se que a 

amplitude anual da evapotranspiração potencial (ET0) é a mesma nas duas áreas, porém os 

valores da Caatinga são maiores. A floresta de Caatinga apresentou maior variação espacial da 

Evapotranspiração real (ETa) que a floresta de Pinares, bem como uma maior extensão com 



 
 

menor estabilidade temporal da ETa que a floresta de Pinares. Tanto a floresta de Caatinga 

quanto a floresta de Pinares apresentaram tendências positivas significativas em ET0 e ETa 

anuais. Estimamos que o valor da ETa aumenta mais rapidamente em Pinares do que na 

Caatinga brasileira. Tomando a Caatinga como espelho hidrológico, algumas consequências 

são esperadas para Pinares, como alterações significativas no balanço hídrico, aumento da 

vulnerabilidade da biodiversidade e redução da disponibilidade hídrica no solo e nos 

reservatórios. 

 

Palavras-chave: ecohidrologia; Caatinga; Pinares; fluxo de seiva; sensoriamento remoto; 

evapotranspiração 
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1 INTRODUCTION 

 

Despite the great scientific effort that has been made in recent years to understand 

the dynamics of water in the soil-plant-atmosphere continuum, many gaps in knowledge are 

still open, mainly with regard to these processes in semiarid forests. Through this dissertation 

we seek to remedy some of these gaps. 

The study was based on the following fundamental questions: what is the 

quantitative importance of the water stored in Caatinga tree species? What are the boundary 

ranges of moisture in the stem that trigger the process of leaf emission and growth? Are 

Caatinga species capable of performing inverse sap flow and when does this occur? What is the 

spacial and temporal pattern of actual evapotranspiration in semiarid forests in different parts 

of the globe? What is the temporal trend of evapotranspiration in semiarid forests? 

This PhD dissertation is divided into three chapters organized in the format of 

scientific papers. The chapters follow a broad line of investigation, starting with a more detailed 

hydrological process in a smaller area and ending with an approach in larger areas. The first 

chapter (I) is the one that, of the three, goes deeper into the study of the processes that occur in 

the soil-plant-atmosphere continuum, dealing with the variation of water storage in the plant in 

Caesalpinia pyramidalis Tul. and its relation to external events. In the second chapter (II) it 

was intended to deepen the study of one of the phenomena related to evapotranspiration, the 

sap flow in the plant. In addition, in the second chapter, the study area was expanded to Tropical 

Seasonally Dry Forest, studying in particular the species Caesalpinia pyramidalis Tul., 

popularly known as catingueira, which is a strong representative of the biome that gives it its 

name. The third and final chapter (III) is the one with the broadest spatial approach of the three. 

The study deals with the hydrological process of evapotranspiration, which was carried out for 

two distinct semi-arid zones, one in Brazil (Caatinga) and another in Spain (Pinares), using 

remote sensing. 

Thus, the objective of the thesis was to evaluate the water dynamics in the soil-

plant-atmosphere continuum in semi-arid forests. For that we use data from different sources: 

in situ measurements, secondary data and satellite data. We work with sensors developed by 

our research group, HIDROSED (Hydrosedimentological Research Group of the Semiarid 

Region, <www.hidrosed.ufc.br>), to understand how the water storage and movement process 

takes place in the plant. We used remote sensing images to understand the process of water loss 

by evapotranspiration in semiarid forests on two different continents and under different 
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meteorological conditions. In other words, we worked in different ways to clarify the questions 

that guided our research and the results are presented below.  
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2 WATER STORAGE OF A TYPICAL TREE SPECIES IN THE CAATINGA BIOME 

(Caesalpinia pyramidalis Tul.) 

 

Abstract: Our understanding of the movement and storage of water in typical Caatinga plants 

is still limited and often disregarded in water balance calculations. This is why the objective of 

this work was to evaluate the water storage dynamic in typical trees of the Caatinga biome 

during the dry, rainy and transition period by gauging the water content levels that cause the 

onset of leaf emergence. In a preserved Caatinga forest, soil and stem water content of six trees 

of the representative species catingueira (Caesalpinia pyramidalis Tul.) were monitored with 

low-cost capacitive sensors. Leaf moisture, leaf area index, leaf and stem water volume, and 

sap flow density were measured. The emergence of leaves occurred with a stem moisture of 

0.32 m³.m-3, and the leaf area index showed its maximum level with a stem moisture of 0.34 

m³.m-3. Catingueira plants are able to absorb water below the soil water potential commonly 

determined as the permanent wilting point (-1.5 MPa). The volume of water stored in the plants 

represents 108% of the average volume stored in the Boqueirão reservoir during the study 

period. 

 

Keywords: Seasonally Dry Tropical Forest, ecohydrology, catingueira, stem moisture, sap 

flow  
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2.1 Introduction 

In several regions of the planet the monitoring of hydrological variables has been 

intensified so as to seek to understand several processes, especially the relationship of water 

dynamics in the soil-plant-atmosphere continuum (SPAC). In arid and semi-arid ecosystems, 

vegetation cover produces a wide range of: hydrological effects (WANG et al., 2012), 

impacting surface runoff (SANTOS et al., 2017; VÁSQUEZ-MÉNDEZ et al., 2009), 

evaporation (ZHAO et al., 2021), erosive processes (SIMPLÍCIO et al., 2021), among others. 

Yet the understanding with regard to movement and storage of water in plants and their 

response to environmental factors is still limited.  

Water stored in plant tissues benefits the respective plant by improving the canopy 

moisture status in periods of water deficit, thus increasing carbon assimilation and growth 

(KÖCHER; HORNA; LEUSCHNER, 2013). It is, however, still unclear how certain 

ecohydrological characteristics influence plant survival during drought or how water storage in 

plants impacts their water balance, especially in semi-arid ecosystems such as the Caatinga 

biome, given all the unique hydrological processes that occur in this region, such as the 

deciduosity of leaves, specific physiological adaptations of vegetation and the seasonality of 

precipitation (DOMBROSKI et al., 2011). 

Knowledge of water storage in plants helps to solve critical questions in forest 

research and to elaborate a system for the efficient use of water resources (LIANG et al., 2020), 

still, in most hydrological models and also the broader concept of water availability in the 

Caatinga the water contained in plants is disregarded. And due to the deciduous behaviour of 

the biome the importance of stem moisture as an inducing agent of leaf emission and senescence 

is not known. That is why the following two fundamental questions were elaborated and they 

will be addressed in this study: what is the quantitative importance of the water stored in 

Caatinga tree species compared to other water reservoirs? What are the boundary ranges of 

moisture in the stem that trigger the process of leaf emergence? 

The method commonly used to obtain stem moisture is the gravimetric analysis, in 

which the variable is measured based on the difference in weight before and after oven drying 

(DAHLEN; SCHIMLECK; SCHILLING, 2020; LÓPEZ-BERNAL; TESTI; VILLALOBOS, 

2012). According to Liang et al. (2020) this methodology has a significant disadvantage since 

it destroys the samples taken from the trunk of the tree studied. In this sense, water content 

sensors have lately been presented as a viable alternative (DAHLEN; SCHIMLECK; 

SCHILLING, 2020), as they are non-destructive and provide rapid response as well as the 

possibility of continuously monitoring the humidity in the same plant. This equipment consists 
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of sensors which function on the basis of resistive and capacitive principles (DONATO et al., 

2014) and, when calibrated, present an excellent correlation with the gravimetric method 

(ARAÚJO et al., 2021).  

Thus, the objective of this chapter was to evaluate the dynamics of soil moisture in 

the root zone and water storage in catingueira plants (Caesalpinia pyramidalis Tul.) during the 

three periods: dryness, rain and transition, and to assess the moisture levels that cause the leaf 

growth process. 
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2.2 Materials and Methods 

2.2.1 Study area  

This study was carried out in the Aiuaba Experimental Basin (AEB, 12 km²) located 

in the southwest sector of the Ecological Station (ESEC) of Aiuaba, which is fully composed 

of the Caatinga biome in an initial stage of secondary succession and inserted in the semi-arid 

region of northeastern Brazil (Figure 1). The Aiuaba ESEC was established in 1978, is 

associated with the maintenance of the flora and fauna biodiversity of the Caatinga biome and 

plays an important role in the region's hydrological cycle, mainly due to its dense forest cover 

(DE ARAÚJO; PIEDRA, 2009). According to the Köppen classification, the climate of the 

region is BSh (tropical semi-arid) with potential evapotranspiration of 1990 mm.year-1, an 

average precipitation of 583 mm.year-1 and an average annual temperature of 25 ºC (COSTA 

et al., 2021). The basin has an artificial reservoir named Boqueirão with a maximum capacity 

of 0.06 hm³ at its outlet (DE ARAÚJO; PIEDRA, 2009). 

 

Figure 1 - Location map of the study area in Aiuaba, Ceará, Brazil, including dispositions of 

monitored catingueira plants 

 

 

The Aiuaba Experimental Basin (AEB) has been monitored since January 2003 by 

the study group HIDROSED (Hydrosedimentological Research Group of the Semiarid Region, 

<www.hidrosed.ufc.br>). Studies carried out in the basin during this period include 
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measurements and analysis of hydrological variables, such as precipitation, evaporation, 

evapotranspiration, surface runoff and losses from plant interception (COSTA et al., 2021; DE 

ARAÚJO; PIEDRA, 2009; DE FIGUEIREDO et al., 2016; MEDEIROS; DE ARAÚJO; 

BRONSTERT, 2009) besides hydrogeological and sedimentological studies (COSTA et al., 

2013, 2016; PINHEIRO et al., 2016; PINHEIRO; VAN LIER; METSELAAR, 2018), among 

others. The AEB is divided into three soil-vegetation associations (SVA). The first association 

(SVA1) occupies 20% of the area with Acrisol and the depth of the root zone of the plants is 

80 cm. The second system (SVA2) can be found in 34% of the area, it presents soils classified 

as Luvisols and the average depth of the root zone is 60 cm. SVA3 takes up 46% of the basin 

area, has shallow soil (Regosol) and a rooting depth of 40 cm (COSTA et al., 2016; PINHEIRO 

et al., 2016). 

Even with the high floristic diversity of the Caatinga, some species are considered 

representative of the biome, as they are the most abundant in certain SVAs (GÜNTNER; 

BRONSTERT, 2004). The study was carried out with six adult catingueira plants (Caesalpinia 

pyramidalis Tul.) located in SVA1 (Figure 1). This is the most representative tree species in the 

experimental area (table 1) and has potential for veterinarian and medicinal use, for 

reforestation and agroforestry and as fodder for sheep and cattle (LOPES et al., 2017). Its wood 

is used for posts and fences, in the construction of adobe houses, as firewood and for charcoal; 

due to its robustness, it is also suitable for reforestation. 

 

Table 1 - Phytosociological parameters of Catingueira (Caesalpinia pyramidalis Tul.) sampled 

in the three soil-vegetation associations (SVA) of the Aiuaba Experimental Basin 

Area AD RD RDo RF CVI IVI 

SVA1 256.0 7.40 13.50 14.30 10.50 11.70 

SVA2 0.0 0.00 0.00 0.00 0.00 0.00 

SVA3 7.1 0.21 0.21 1.59 0.67 0.21 
AD: Absolute Density (ind.ha-1), RD: Relative Density (%), RDo: Relative Dominance (%), RF: Relative 

Frequency (%), CVI: Coverage Value Index and IVI: Importance Value Index. 

 

2.2.2 Instrumentation for in situ monitoring  

2.2.2.1 Soil and stem moisture measurement 

Soil and stem moisture were monitored for a period of one year (11/05/2020 to 

11/05/2021) in six plants using low-cost capacitive sensors (ARAÚJO et al., 2021). These have 

metal rods as electrodes, so variations in the dielectric constant and electrical resistance of the 

rod also change the frequency of an oscillator (integrated circuit 555) which is read by an 
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Arduino Pro-Mini board and transmitted via serial communication (Figure 2) (ARAÚJO et al., 

2021).  

 

Figure 2 - Electronic diagram of stem moisture sensors 

 

 

The sensors were calibrated using four soil samples (Figure 3a) and three stem 

samples (Figure 3b), taken from the study area (Figure 3). Three sensors were installed in each 

catingueira plant, two for soil moisture, at 0.2 m and 0.4 m depth (Figure 4a) in the root zone 

and a stem moisture sensor (Figure 4b). The equations that best fit the data were those shown 

in Figure 3. Data were collected and stored using data loggers built with an Arduino system at 

a frequency of 10 min. 
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Figure 3 – Calibration equation for soil (a) and stem (b) moisture sensors (MS) 

  

 

Figure 4 – Soil moisture sensors installed in the root zone of the plants at 20 cm and 40 cm 

depth (a) and moisture sensor installed in the stem of one of the catingueira plants (b) 

  
 

2.2.2.2 Meteorological data  

Rainfall data were obtained at a rainfall station installed in the study area with a 

tipping rain gauge, and measurements were stored every 5 min in a Campbell scientific data 

logger from 11/05/2020 to 11/05/2021. Data on relative humidity, wind speed, air, soil and 

canopy temperatures as well as on global solar radiation were also obtained. These variables 

were provided by a low-cost automatic weather station installed in the study area, while 

measurements were stored at home for 10 min from 12/06/2020 to 05/10/2021.  
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2.2.2.3 Measurements of sap flow density in the stem 

In the six plants used in the study, sensors were also installed to determine density 

and direction of the sap flow during the period from 11/05/2020 to 11/05/2021. The method 

used was the heat ratio method (HRM) developed by Burgess et al. (2001). It measures the 

temperature increase rate after the release of a heat pulse, at equidistant points downstream and 

upstream of a heating probe. The heat pulse velocity (cm h-1) is calculated according to equation 

1: 

𝑉ℎ =
4𝑘𝑡 𝑙𝑛 𝑙𝑛 (

𝑣1

𝑣2
)  − 𝑥2

2 + 𝑥1
2

2𝑡(𝑥1 + 𝑥2)
𝛽3600 

(1) 

Where: k is the thermal diffusivity of fresh wood (cm.h-1), x1 and x2 are the corrected distances 

(cm) between the heater and the temperature probe, and v1 and v2 are temperature increases 

(with respect to initial temperatures) at equidistant points downstream and upstream, 

respectively, and t is the measurement time (s). 

The probe positions relative to the heater used with the HRM are –0.6 and 0.6 cm, so x 

= 0.6 cm. Thermal diffusivity (k) is given a nominal value of 2,5 × 10-3 cm2 s -1 (MARSHALL, 

1958). Installing sensors in xylem tissue causes substantial mechanical damage. In addition to 

the interruption of flow paths by the insertion of probes, intact vessels can become occluded as 

the plant responds to injury by forming tyloses. The resulting region of non-conductive wood 

around the probe insertion site affects the Vh measurement by decreasing the v1/v2 ratio. To 

correct this error, we use the coefficient 𝛽 admitted as 1.7023 by Burgess et al. (2001) for a 

probe insertion diameter of 0.17 cm. 

Even if the probes are carefully placed, the spacing between them is likely to be at 

least somewhat asymmetrical. This is why probe positioning must be corrected by equation 2 

(BURGESS et al., 2001): 

𝑥2 = √(4𝑘𝑡 ln (
𝑣1

𝑣2
) + 𝑥1

2) (2) 

Where: x2 denotes the incorrectly spaced probe, x1 is assumed to be correctly spaced at 0.6 cm 

and t is the measurement time.  

Since it is not known which of the two probes is incorrectly positioned, equation 2 

is solved by assuming that x1 is correctly positioned. Ratios between v1/v2 will asymptotically 

approach an ideal value and the rate of change will exponentially decay after the heat pulse. 
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Thus, (BURGESS et al., 2001) suggest that measurements be made 60 and 100s after heat pulse 

release, when v1/v2 is effectively linear.  

Only a portion of the xylem tissue (the sapwood, hydroactive xylem) contains 

moving sap. Heat pulse probes effectively measure a weighted average of the velocities of 

moving sap and “stationary” wood. Sap velocity (also called sap flow density) can be 

determined by measuring the fractions of sap and wood in the xylem and considering their 

different densities and specific heat capacities according to equation 3. 

𝑉𝑠 =
𝑉𝑐𝜌𝑏(𝐶𝑤 + 𝑚𝑐𝐶𝑠)

𝜌𝑠𝐶𝑠
 (3) 

Where: Vc is the corrected heat pulse velocity (cm.h-1), ρb the basic wood density (dry 

weight/green volume, in kg.cm-3). Cw and cs are the specific heat capacity of wood matrix (1200 

J.kg-1.°C-1) and sap (4182 J.kg-1.°C-1), respectively. Mc is the water content of sapwood and ρs 

is water density (kg.cm-3).  

 

2.2.3 Water volume in the leaves 

Six leaf samples were evaluated in 4 data collection campaigns which took place 

during the rainy season (Jan-Apr) and the wet-dry transition period (May), a time when plants 

have leaves, since their foliage is deciduous. The samples were taken to the laboratory and 

weighed to obtain the fresh mass, later placed in an oven to dry for 24 hours. After obtaining 

the dry mass, the leaf water content (LWC) was calculated through the relationship (equation 

4): 

𝐿𝑊𝐶 =
𝐹𝑀 − 𝐷𝑀

𝐷𝑀
 

(4) 

Where: FM is the fresh mass of the sample (g) and DM is the dry mass of the sample (g). 

The correlation equation LM = 41,315 StM - 12,666 with R² = 0.56 was obtained 

by relating the stem moisture data to leaf moisture (LM). Through this relationship, it was 

possible to estimate leaf moisture for the other days of the monitoring period and gather 

information about water storage in the canopy. 

Since evapotranspiration is a surface phenomenon, it was assumed that the leaf area 

index (LAI) is linearly linked to the ratio between latent heat and net radiation (equation 5). 

The maximum LAI for catingueira was determined by Pinheiro et al. (2016) and has a value of 

0.97. 
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𝐿𝐴𝐼(𝑡) = 𝐿𝐴𝐼𝑚𝑎𝑥  
(𝐿𝐸/𝑅𝑛)(𝑡)

(𝐿𝐸/𝑅𝑛)𝑚𝑎𝑥
 

(5) 

Where: LE is the latent heat of vaporization (mm), Rn is net solar radiation (mm), LAImáx is the 

maximum leaf area index (m2.m-2) and t is time. 

The IAF was calculated whenever data from the automatic station were available 

for the period from 12/06/2020 to 05/10/2021. Equation 6 was used to calculate LE. Given that 

canopy temperature is a response to energy exchanges, the energy used for evapotranspiration 

can be determined based on the leaf energy balance (GATES, 1968) and the radiation balance 

in the canopy (Figure 5). 

LE = (E - α) Rg - 2 ε σ(Tc
4 - ε Ta

4) - Ka 
Tc- Ta

Kf√
w
u

 
(6) 

Where: E is the solar radiation interception efficiency, α the surface albedo, Rg is the global 

radiation (W.m-2), ε the ambient long wave emissivity (0.96), σ is the constant of Stefan-

Boltzmann (5.6704 10-8 W.m-2.K-4), Tc is canopy temperature (K), Ta is air temperature (K), 

Ka is the convective-conductive conductivity of the air (0,0259 W.m.K-1), Kl is the empirical 

leaf shape parameter (0,0057 m.s-0,5), w the leaf width (m) and u is wind speed (m.s-1). 

 

Figure 5 - Radiation balance in crown and leaf indicates global shortwave radiation (Rg), 

radiation transmitted to the ground (Rt), reflected radiation (α.Rg) under the effect of the albedo 

(α) and interception efficiency (E) 
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Equation 7 was used to calculate the volume of water stored in the leaves (LWS): 

𝐿𝑊𝑆 = 𝐿𝑀. 𝐿𝐴𝐼. 𝑎𝑟𝑒𝑎. 𝐿𝑀𝐴 (7) 

Where: LM is moisture in the leaves (g.g-1), LAI is the leaf area index (m2.m-2), area is the land 

surface (m2) from which one wants to obtain the water stored in the leaves and LMA is leaf 

mass per area, calculated as the ratio between leaf dry mass (g) and leaf area (m2). 

 

2.2.4 Water storage in the plant 

The volume of water stored in the stem (StWC) was estimated through the product 

of stem volume (m3) and stem moisture (m3.m-3) data. Equation 8 (Schumacher and Hall, 1933 

adaptada para a Caatinga por Alves Junior, 2010) was used to estimate the stem volume (Vst). 

𝑉𝑠𝑡 = 0,021𝐶𝐵𝐻1,799𝐻1,361 (8) 

Where: CBH is the circumference at breast height (m) and H is the height of the plant (m). 

Equation 9 was employed for the estimation of aboveground tree water storage (PWS, m3): 

𝑃𝑊𝑆 = 𝑆𝑡𝑊𝐶 + 𝐿𝑊𝐶 (9) 

Where: StWC is the volume of water in the stem (m3) and LWC is the volume of water in the 

leaves (m3). 

The plant water storage data in the study area were presented in millimeters (mm) 

through the relationship between PWS and the number of catingueira trees per square meter in 

each SVA. 
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2.3 Results and Discussion 

Throughout the year soil moisture varies more than stem moisture, especially at the 

beginning of the rainy season significant increases can be observed (Figure 6). The reduction 

in stem moisture, on the other hand, occurs in stages after the rainy season, which indicates that 

plants are able to retain water in their tissues until the release of water is necessary and a new 

adjustment must be made. 

 

Figure 6 – Daily average of water stored in the soil (0 - 56 cm) and in the catingueira stem, leaf 

area index and precipitation during the period from November 2020 to November 2021 

 

 

The physiological capacity developed by the plants of the Caatinga biome and their 

adaptive structures provide the water storage that contributes to the transpiration process, 

reduces competition for water with neighboring plants and guarantees water supply during 

periods of drought (HARTZELL; BARTLETT; PORPORATO, 2017). Water storage capacity 

increases with an increment in sapwood volume or with a decrease in wood density 

(BORCHERT, 1994; CARRASCO et al., 2014; HARTZELL; BARTLETT; PORPORATO, 

2017; LIMA; RODAL, 2010). In seasonally dry tropical forests, species can be classified as: 

low wood density deciduous (Amburana cearenses, Commiphora leptophloeos), high wood 

density deciduous (Caesalpinia pyramidalis, Croton blanchetianus) or high wood density 

perennial species (Cynophalla flexuosa , Ziziphus joazeiro) (WRIGHT et al., 2021).  
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Wright et al. (2021) classify the catingueira among Caatinga species as deciduous 

with high wood density (0.64 g cm-3). According to Borchert (1994) species with dense wood 

and low water storage capacity in the stem delay leaf fall until the dry season. At the time of 

leaf abscission, the water potentials of leaves and branches of these trees are quite negative (<-

4 MPa, according to Borchert (1994)) and their stem water amount is substantially reduced in 

relation to the levels during the rainy season (decrease of 20%, as specified in the data compiled 

for this study). Species with low wood density, in contrast, are more sensitive to drought. These 

species are the first to lose their leaves at the onset of the dry season. Corroborating the thesis 

raised above, the catingueira is one of the last deciduous species of the Caatinga to lose its 

leaves during dry season. In the Aiuaba Experimental Basin, the catingueira presents leaf cover 

until mid-August, and some leaves in the lower third of the crown, in shadier locations, remain 

even until early October (DE ALMEIDA; DE CARVALHO; DE ARAÚJO, 2019). It may, 

therefore, be stated that high wood density, which results in a lower water content and more 

negative water potential, possibly is the cause of the gradual water storage reduction in the 

catingueira tree. 

Hartzell et al. (2017) comment that the hydraulic characteristics of a plant vary in 

two aspects: drought tolerance and drought prevention. This means that plants with a drought-

tolerant water use strategy tend to have a low hydraulic capacitance, higher wood density and 

greater tolerance regarding hydraulic stress. Plants with a drought-avoidance strategy, on the 

other hand, tend to have high hydraulic capacitance, low wood density and high vulnerability 

to cavitation at low water potentials. As wood density increases, plants typically become more 

tolerant of water stress. 

While plants use mechanisms to maintain water in their structures, the soil in the 

root zone gets drier and drier (Figure 6), it loses moisture through root absorption and 

evaporation until its water potential is so low that water withdrawal is no longer observed unless 

water is recharged again. Understanding soil and plants as water reservoirs, it can be said that 

the soil, despite its retention characteristics and interactions with plants and organic matter, is 

a reservoir with less water use management, or with a water management strategy based on 

releasing water while it is available. Plant reservoirs, on the contrary, possess regulatory agents 

for water release. 

In the rainy season the volume of water stored by the leaves corresponds to 1% of 

the total water stored by the plants, since most of the plant biomass is in the branches and stems, 

which manage to maintain relatively high water contents during that season. Yet, this 
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percentage of water stored in the leaves is likely to be disregarded in water storage calculations 

concerning catingueira plants. 

The annual amplitude in plant water storage between the dry, rainy, dry-rainy and 

rainy-dry transition seasons is 0.20 mm. In the other evaluated compartment, the soil, the annual 

storage amplitude in the area of the catingueira roots is 80 mm. The volume of water stored in 

plants can, however, represent an important part of the water storage in a watershed, and in this 

work the average volume found per plant was 27 liters (average of 29 liters in the rainy season 

and 25 liters in the dry season). According to a phytosociological survey (table 1) the population 

density of catingueira individuals in SVA1 is 256 per hectare, representing around 7.0 m³ of 

water per hectare. It is noteworthy that this species only represents 10.5% of the vegetation 

cover in the area. 

The water volume in catingueira plants is of great importance in the water balance 

of the basin: the amount stored in all the SVAs was 1729 m³ (table 2). The average water volume 

in the plants represents 108% of the average volume observed in the Boqueirão reservoir during 

the study period. 

 

Table 2– Synthesis of water storage data in catingueira plants (Caesalpinia pyramidalis Tul.) 

and comparison with the volume stored in the Boqueirão reservoir 

Variables  Values 

circumference at chest height (m) 0.42 ± 0.12 

plant height (m) 6.81 ± 0.79 

average plant volume (m3) 0.09 ± 0.05 

volume of water stored in catingueira plants:  

for each plant (m3) 0.026 ± 0.003 

All catingueira trees in SVA1 (m3) 1625 

All catingueira trees in SVA2 (m3) 0 

All catingueira trees in SVA3 (m3) 104 

All catingueira trees in AEB (m3) 1729 

Relationship between the maximum volume of water stored in catingueira 

in the experimental basin AEB and the maximum volume stored in the 

Boqueirão reservoir during the study period (11885 m3) (%) 

17 

Relationship between the average volume of water stored in catingueira in 

the AEB and the average volume stored in Boqueirão during the study 

period (1601 m3) (%) 

108 

Relationship between the minimum volume of water stored in catingueira 

in the AEB and the average volume stored in Boqueirão during the study 

period (1000 m3) (%) 

141 

 

Tilesse et al. (2021) analyzed the potential water storage capacity in catingueira 

wood and quantified a 3% relationship between the volume stored in the plants and the 
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maximum capacity of Boqueirão (0.06 hm3). Most hydrological models, such as the SWAP 

(KROES et al., 2009), consider that all water absorbed from the soil by plants is used on a daily 

basis for transpiration. Possibly, the disregard of data related to water storage in the plant is one 

of the reasons for errors found in the application of such models in the semiarid region. Pinheiro 

et al. (2016), used SWAP in the Aiuaba Experimental Basin and found prediction errors of 

4.3%. 

New leaves emerge on a plant after water is replenished by the root and stem 

biomass; there is, however, a delay of approximately 10 days between the LAI increase and the 

moment when soil and stem moisture rise (Figure 6). This period between the beginning of the 

rainy season and the emergence of leaves is important for the water balance of the basin since 

there are still no transpiration losses and the possibility of surface runoff is greater, which 

contributes to the reservoir supply. According to Pinheiro et al. (2016) the annual loss through 

evapotranspiration in the area is 70% of the precipitated water. On the other hand, at the 

beginning of the rainy season, part of the precipitated water is used to fill the soil macropores 

created by the roots during the dry season. 

Leaf emergence begins with a stem moisture of 0.32 m3.m-3 (Figure 7), reaches its 

maximum level (around 1.0 m2.m-2) with a stem moisture of 0.34 m3.m-3 (Figure 6) and remains 

this way until the wet-dry transition occurs, when the leaves begin to senesce. Pinheiro et al. 

(2016), used remote sensing and field data, and gauged an average LAI of 0.97 m2.m-2 for the 

same area during the rainy seasons from 2004 to 2012. De Almeida et al. (2019), employed 

litter data and determined a maximum LAI of 3.47 m2.m-2 for the years 2014 to 2016 in the 

AEB. 
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Figure 7 – Correlations between stem moisture in catingueira, soil moisture and leaf area index 

(LAI) 

 

 

Soil and stem moisture also showed a good correlation between them (Figure 8) 

through a segmented fit equation that makes it possible to obtain stem moisture data in Caatinga 

areas where only soil moisture is available. Both in Figure 6 and in Figure 8 stem moisture 

reveals levels of constancy.  

From a soil moisture of 0.08 m3.m-3 on, stem moisture becomes practically constant 

and shows no significant increase in plant moisture even with a soil moisture rise. This value is 

below the moisture level of the soil established as a permanent wilting point (PWP) of 0.11 

m3.m-3 (COSTA et al., 2016). Here it can be seen that catingueira plants are able to maintain 

themselves at a potential stem moisture level even in a soil moisture defined by literature as one 

in which cultivated plants are no longer able to absorb water. It is important to highlight in this 

context that soil water content in the PWP is determined at a pressure of -1.5 MPa, because 

from this value on (lower matrix potentials) the water content in the soil varies very little. This 

means that the available water hardly changes below this point. The tree species clearly 

demonstrates its considerable adaptive capacity for water absorption; its PWP would possibly 

occur at potentials close to -4.0 Mpa. Figure 8 also shows the points of residual moisture (RM) 

(minimum moisture maintained by the soil) and field capacity (FC) (maximum capacity of 

water retained by the soil). It can be seen that the soil did not reach either of these two extremes 

during the study period. 
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Figure 8 – Correlation analysis between stem moisture in catingueira and soil moisture in the 

root zone 

 

RM – residual moisture, PWP - permanent wilting point and FC – field capacity. 

 

The historical average of precipitation in the EBA amounts to 583 mm (COSTA et 

al., 2021). ). During the evaluated period, the rainfall measured in the rainy season was lower 

than the climatological normal and totaled 440 mm. It could still be observed that within the 

rainy season the plants were able to reach their potential humidity of approximately 0.36 m3.m-

3, the level of humidity obtained during the saturation process of the samples for the sensor 

calibration (Figure 3b). This way it may be inferred that a reduction in precipitation does not 

influence the water storage capacity of the plants, but the persistence of this capacity for a 

longer period of time during the year, since in rainier years the tendency is for the soil to remain 

moist for a longer period of time. 

The plant moisture data associated with sap flow velocity are presented in Figure 9 

for the rainy and the dry season. Catingueira has low stem moisture at dawn (Figure 9a) and, 

according to Dombroski et al. (2011), also has low leaf water potential in this period. It may be 

observed that there is a positive variation in stem moisture from 9:00 am on in the rainy season, 

possibly due to a greater extraction of water from the soil to supply the later transpiration needs 

of the plant. 

Water supply in the stem starts with a downward sap flow. This means that water 

is translocated from higher plant structures to the stem. On some days the sap flow only 

becomes positive at the beginning of the night, e.g. on 04/19/2021 (rainy day: 24 mm) and 

04/20/2021, while on 04/21/2021 it already starts to be positive between 9 am and 10 am. It is 
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interesting to observe that sap flow velocity presents peaks with a frequency of 19h between 

them. This frequency is also observed for valleys (minimum points) and some specific levels. 

 

Figure 9 – Hourly data of stem moisture (gray) and sap flow velocity (black) in the rainy (a) 

and the dry (b) period on three consecutive days, as well as the hourly average for the referred 

periods. 
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Figure 9 – Hourly data of stem moisture (gray) and sap flow velocity (black) in the rainy (a) and the dry (b) period on three consecutive days, as 

well as the hourly average for the referred periods 
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According to average values, there is less sap flow at night and even some negative 

(descending) flow, which corresponds to the hours of lower stem moisture and higher soil 

moisture. This fact, combined with the observation of daily variation in soil moisture even in 

the dry stage when there is no water input from rain, leads to the belief that there may be a 

release of water from the roots to the soil during these times. The values of stem moisture and 

sap flow are lower during the dry period (Figure 9b), especially during intervals of greater 

atmospheric water demand close to 12:00. Although plants are without leaves in most of the 

dry season and, therefore, the absorption of water by the plant in this period reflects more its 

need for survival, than its development and transpiration processes, the catingueira still has 

leaves in the beginning of the dry period. Stem moisture does not show a well-defined daily 

behavior pattern in this period. 
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2.4 Conclusions 

This work made it possible to identify soil and stem moisture levels that allow leaf 

increment at the beginning of the rainy season. There is a delay of approximately 10 days until 

the beginning of leaf production in the rainy season; in relation to the increase in soil and stem 

moisture, the emergence of leaves starts with stem moisture only 3% above annual average. 

The leaf area index reaches its maximum level when stem moisture is 10% higher than the 

annual average.  

Catingueira trees (Caesalpinia pyramidalis Tul.) are able to absorb water from the 

soil, even though the soil has a water potential below that commonly identified as permanent 

wilting point (-1.5 Mpa). The stored volume of water in plants represents an important part of 

the water storage in a watershed: Only in the catingueira plant, the volume of stored water 

represents 108% of the average volume observed in the Boqueirão reservoir during the study 

period. 



 
 

3 SAP FLOW IN SEASONALLY DRY TROPICAL FOREST 

 

Abstract: The assumption of the soil-plant-atmosphere continuum is that the movement of 

water occurs through the plant from areas of high to areas of low water potential, and in some 

cases, there may be an inverse flow of sap. Thus, the objective was to analyze the dynamics of 

sap flow in typical plants of the Caatinga biome (Caesalpinia pyramidalis Tul.), with in situ 

measurements, in two water regimes, rainy and dry, in order to verify the existence or not of 

inverse flow. The experiment was carried out on plants of Caesalpinia pyramidalis Tul., in a 

seasonally dry tropical forest area. The sap flow method used was the heat ratio (HRM) using 

thermocouple sensors and a heating probe. It was identified that catingueira plants have the 

ability to perform inverse sap flow at night and predawn basically throughout the year. Higher 

sap flow was observed in the transition seasons due to atmospheric conditions and soil moisture. 

There was a superiority of 46% of the catingueira sap flow in the rainy season compared to the 

dry season. It was noticed that the nocturnal sap flow is more significant in the driest months, 

demonstrating another adaptive strategy of the species. 

Keywords: Heat ratio method, Caatinga, vapor pressure deficit 

  



34 
 

3.1 Introduction 

Evapotranspiration (ET) is a hydrological process that still needs further 

understanding, especially in semi-arid regions. The magnitude of this process can represent 

95% of the water balance in dry areas (WILCOX; BRESHEARS; SEYFRIED, 2003) and, in 

general, governs the availability of water resources, agricultural productivity and irrigation 

efficiency, in addition to impacting the severity of droughts, floods and forest fires (LITTELL 

et al., 2016; MOLDEN et al., 2010). The individual components of ET include plant 

transpiration (T) and soil evaporation (E), and in some cases it is also considered the 

evaporation of water intercepted by the vegetative canopy and the litter layer under the soil 

(KOOL et al., 2014). 

The partitioned analysis of water flows in vegetative systems is able to provide 

valuable information about the individual magnitude of the processes, since the evaporation 

and transpiration factors differ in their responses to environmental conditions. In arid regions, 

the evaporation factor is potentially substantial due to the high atmospheric demand represented 

by potential evapotranspiration (ETo) (KOOL et al., 2016), while transpiration can be reduced 

through plant adaptation mechanisms (DOMBROSKI et al., 2011). Transpiration is governed 

by the flow of sap in the plant and in relation to this factor, until the present moment, the studies 

conducted to quantify it in preserved Caatinga vegetation are incipient, especially considering 

the unique hydrological processes that occur in this region, given the deciduous and 

physiological adaptations of Caatinga plants. 

The assumption of the soil-plant-atmosphere continuum (SPAC) is that water 

movement occurs through the plant from areas of high to areas of low water potential (Ψ). Soil 

water uptake by plants occurs when there is a conduction gradient for water loss through 

transpiration due to a large difference between the low water potential of the dry atmosphere 

and the relatively high water potential of the leaves(GOLDSMITH, 2013). This gradient is 

propagated through the plant along a continuous water column that is under tension, resulting 

in water uptake that occurs at high soil water potentials (NOBEL, 2009).  

Furthermore, as soil water is generally considered to be the only readily available 

source of water for plants, transport of water through the soil-plant-atmosphere continuum 

(SPAC) is considered unidirectional from soil to atmosphere via roots, stems, and leaves 

(TYREE; ZIMMERMANN, 2002). However, studies (CASSANA et al., 2016; ELLER; LIMA; 

OLIVEIRA, 2013; GOLDSMITH; MATZKE; DAWSON, 2013) demonstrate that water can 

move from the humid atmosphere during leaf wetness events to the dry plant by foliar 

absorption of water, while also moving from the wet soil to the dry plant, supplying the plant, 
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then, in two ways (GOLDSMITH, 2013). In addition, it is possible that on certain occasions 

water may also move from the humid atmosphere, during foliar wetness events, to dry soil by 

foliar water absorption (ELLER; LIMA; OLIVEIRA, 2013; GOLDSMITH, 2013; HAO et al., 

2010). Another possibility is that the plant is supplied with water, but that this is not lost to the 

atmosphere, due to stomatal closure, in this way the water potential gradient in the soil will 

drive water through the root system from wetter layers to drier layers (FERREIRA et al., 2018; 

YU et al., 2013). 

Despite the considerable advances made on the subject, it is still unclear how certain 

physiological characteristics influence plant survival during drought, especially in tropical and 

semiarid ecosystems. The results obtained through the reviewed works on the subject provide 

the impetus to investigate whether these processes occur in the Caatinga biome, which would 

justify the survival of plants under conditions of long periods of water scarcity. 

In this context, the objective is to analyze the dynamics of the sap flow in typical 

plants of the Caatinga biome (Caesalpinia pyramidalis Tul.), with in situ measurements, in two 

water regimes, rainy and dry, in order to verify the existence or not of inverse flow.  
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3.2 Materials and Methods 

3.2.1 Study area 

The study area is the Aiuaba Experimental Basin (AEB, 12 Km²), entirely 

composed of preserved Caatinga and located in the municipality of Aiuaba (DE ARAÚJO; 

PIEDRA, 2009). AEB has its drainage network composed of two main intermittent streams 

controlled by the Boqueirão reservoir (60 thousand m³) (Figure 1). It is part of the Alto 

Jaguaribe River Basin, in the region of the State of Ceará called Inhamuns. 

 

Figure 1 - Location map of the study region and instrumentation of the Aiuaba Experimental 

Basin (AEB) 

 

  
 

The basin is located in the southwest sector of the Aiuaba Ecological Station 

(ESEC). Established in 1978, the Aiuaba ESEC is associated with the maintenance of the flora 

and fauna biodiversity of the caatinga biome and plays an important role in the region's 

hydrological cycle, mainly due to its dense forest cover (DE ARAÚJO; PIEDRA, 2009). AEB 

is divided into three soil-vegetation associations (SVA). The first association (SVA1) occupies 
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20% of the area with Chromic Luvissol type soil and the depth of the root zone of the plants is 

80 cm. The Second System (SVA2) occupies 34% of the area, presents soils classified as Red-

Yellow Argisol and the average depth of the root zone is 60 cm. SVA3, which has 46% of the 

basin area, has Litholic Neosol soil, and a rooting depth of 40 cm (COSTA et al., 2016; 

PINHEIRO et al., 2016). 

AEB has been monitored since January 2003 by HIDROSED - Grupo de Pesquisa 

Hidrosedimentológicas do Semiárido <www.hidrosed.ufc.br>. The studies carried out in the 

basin during this period include measurements and analyzes of hydrological variables, such as 

precipitation, evaporation, surface runoff and losses from plant interception (DE ARAÚJO; 

PIEDRA, 2009; DE FIGUEIREDO et al., 2016; MEDEIROS; DE ARAÚJO; BRONSTERT, 

2009) and hydrogeological and sedimentological studies (ARAÚJO, 2012; COSTA et al., 2013, 

2016; PINHEIRO et al., 2016; PINHEIRO; VAN LIER; METSELAAR, 2018), among others. 

The climate of the region according to the Koppen classification is BSh (tropical 

semi-arid), with annual potential evaporation of 2500 mm, average annual precipitation of 549 

mm and average annual temperature of 26 ºC (PINHEIRO et al., 2016). 

 

3.2.2 Study installation 

The field experiment was installed at SVA1 during the period from 11/03/2018 to 

11/03/2021. The study began with a monitored plant and was expanded over the years (Table 

1) ending with two monitoring sectors, containing two to four plants in each. The division 

optimized the supply of energy, through solar panels, to the systems. The data collection and 

storage system were carried out through dataloggers developed using Arduino, an open source 

electronic platform based on hardware and software. 

 

Table 1 – Catingueira trees monitored over the years and hydroactive xylem area data 

Start of monitoring 
Plant 

DSH* 

(cm) 

Stem area 

(cm2) 

Xylem area 

(cm2) Month Year 

11 2018 Tree 1 15.29 183.61 70.33 

8 2019 

Tree 1 15.31 184.11 91.54 

Tree 2 13.75 148.51 77.13 

Tree 3 16.01 201.34 98.31 

11 2020 

Tree 1 15.34 184.88 91.85 

Tree 2 14.29 160.43 82.02 

Tree 3 16.33 209.42 101.44 

Tree 4 11.01 95.47 54.19 

Tree 5 16.23 206.98 100.50 

Tree 6 5.41 23.00 17.43 
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*DSH – Tree diameter at sensor installation height (~1,20 m). 

 

3.2.3 Heat Ratio Method (HRM) for estimating sap flow 

Six catingueira plants (Caesalpinia pyramidalis Tul.) were chosen as representative 

species of the study area to be monitored for sap flow. These species were chosen according to 

the phytosociological survey carried out in the study area (Table 2). A variety of species is 

observed in the study site, however, the Marmeleiro and Catingueira are the two most 

representative species. Both are deciduous. However, the quince tree is a small shrub species, 

with a small stem diameter, while the catingueira is the tree species with the highest absolute 

density in the area. Therefore, it was the species chosen for monitoring the SPAC. 

 

Table 2 - Phytosociological parameters of the species sampled in the SVA1 of the Aiuaba 

Experimental Basin 

Common name (scientific name) AD RD (%) 

1 Marmeleiro (Croton sonderianus Muell. Arg.) 2680 77,3 

2 Catingueira (Caesalpinia pyramidalis Tul.) 256 7,4 

3 Planta Morta 179 5,2 

4 Cipó (Combretum laxum) 107 3,1 

5 Frei Jorge (Cordia trichotoma (Vell.) Arrab.ExSteud) 99 2,9 

6 Rompe Gibão (Bumeliaobtusifolia Humb. Ex Roem. &Shult.) 56 1,6 

7 Pau Mocó (Luetzelburgia auriculata (Allemão) Ducke) 21 0,6 

8 Feijão Bravo (Cynophalla flexuosa (L.) J.Presl) 14 0,4 

9 Jurema Branca (Mimosa ophthalmocentra Mart. exBenth) 14 0,4 

10 Violeta (Dalbergia Cearensis Ducke) 14 0,4 

11 Guaxuma (Helicteres guazumifolia Kunth) 7 0,2 

12 Juazeiro (Zizyphus joazeiro Mart.) 7 0,2 

13 Jurema Preta (Mimosa tenuiflora (Willd.) Poir.) 7 0,2 

14 Maniçoba (Manihot glaziovii Müll. Arg.) 7 0,2 
AD - Absolute density (ind.ha-1), RD - Relative density (%). 

Source: (TILESSE et al., 2021). 

 

The sap flow method used was the heat ratio (HRM) method developed by Burgess 

et al. (2001). This method measures the rate of increase in temperature, following the release 

of a heat pulse, at equidistant points downstream and upstream of a heating probe. The heat 

pulse velocity (Vc, cm h-1) is calculated as (Equation 1): 

𝑉𝑐 =
4𝑘𝑡 ln (

𝑣1

𝑣2
) − 𝑥2

2 + 𝑥1
2

2𝑡(𝑥1 + 𝑥2)
𝛽3600 

(1) 

Where: k is the thermal diffusivity of fresh wood (cm.h-1), x1 and x2 are the corrected distances 

(cm) between the heater and the temperature probe, and v1 and v2 are temperature increases 
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(relative to the initial temperatures) at equidistant points downstream and upstream, 

respectively, and t is the measurement time (s). 

The system, composed of three probes, two of them positioned upstream and 

downstream of the heating probe at a distance of x = 0.6 cm (Figure 2), contains a copper-

constantan thermocouple positioned in the centre of a 1.5 cm long hypodermic needle. The 

heating probe, also composed of a hypodermic needle of the same size, was surrounded by an 

electrical resistance (constantan wire). The heat pulse is 10 s, released every 10 min, at a voltage 

of 12V. 

 

Figure 2 – Scheme showing details of the probes (A) and installation on the catingueira stem 

(B) 

 

 

St – thermocouple probe; Sp – Heat pulse probe; red wires are constantan and blue wires are copper. 

 

Thermal diffusivity (k) is given a nominal value of 2.5 × 10-3 cm2 s-1 (MARSHALL, 

1958). Installing sensors in xylem tissue causes substantial mechanical damage. In addition to 

the interruption of flow paths by the insertion of probes, intact vessels can become occluded, 

as the plant responds to injury by forming tyloses. The resulting region of non-conductive wood 

around the probe insertion site affects the Vh measurement by decreasing the v1/v2 ratio. To 

correct this error, we use the coefficient 𝛽 admitted as 1.7023 by Burgess et al. (2001) for a 

probe insertion diameter of 0.17 cm. 

A B 
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Even with careful placement of the probes, the spacing between them is likely to be 

at least a little asymmetrical. In this way, the positioning of the probe must be corrected 

according to Equation 2 (BURGESS et al., 2001). 

𝑥2 = √(4𝑘𝑡 ln (
𝑣1

𝑣2
) + 𝑥1

2) (2) 

Where: x2 denotes the incorrectly spaced probe, x1 is assumed to be correctly spaced at 0.6 cm 

and t is the measurement time. 

Since it is not known which probe is positioned incorrectly, one can solve Equation 

2 by assuming that x1 is positioned correctly. The ratios between v1 and v2 (v1/v2) will 

approach an ideal value asymptotically, with the rate of change decaying exponentially with 

time after the heat pulse. Thus, Burgess et al. (2001) suggests that measurements should be 

taken at least 60 s after the heat pulse has been released. As v1/v2 is effectively linear between 

60 and 100 s, the value of these average proportions was different from a representative value 

measured at the median time of 80 s by <0.4% for extreme cases, although generally the 

difference was negligible. 

Only a portion of the xylem tissue (the sapwood, hydroactive xylem) contains 

moving sap. Heat pulse probes effectively measure a weighted average of the velocities of 

moving sap and “stationary” wood. The sap velocity (Vs) can be determined by measuring the 

fractions of sap and wood in the xylem and considering their different densities and specific 

heat capacities (Equation 3). 

𝑉𝑠 =
𝑉𝑐𝜌𝑏(𝐶𝑤 + 𝑚𝑐𝐶𝑠)

𝜌𝑠𝐶𝑠
 (3) 

Where: Vc is the corrected heat pulse velocity (cm.h-1), ρb is the basic density of 

the wood (dry weight/green volume, in kg.cm-3), cw and cs are the specific heat capacity of the 

wood. wood matrix (1200 J.kg-1.°C-1) and sap (4182 J.kg-1.°C-1), respectively, mc is the water 

content of sapwood and ρs is the water density ( kg.cm-3). 

The volumetric flow of the sap can be obtained as the product of the sap velocity 

(Vs) and the cross-sectional area of the hydroactive xylem. For the calculation of the 

hydroactive xylem area (sapwood) we used the allometric equations, specific for the species, 

developed by Tilesse et al. (2021). 
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3.2.4 Monitoring soil and stem moisture 

Both soil and stem moisture were monitored using low-cost capacitive sensors 

(ARAÚJO et al., 2021). These have metal rods as electrodes, so variations in the dielectric 

constant and electrical resistance of the rod also change the frequency of an oscillator 

(integrated circuit 555) that is read by an Arduino Pro-Mini board and transmitted via serial 

communication. Two sensors were installed, at 20 and 40 cm depth, in the root zone of the 

catingueira plants and another one in the stem of the same tree. 

 

3.2.5 Obtaining the vapor pressure deficit (VPD) 

The vapor pressure deficit (VPD) is the difference between the maximum pressure 

that can be exerted by the water vapor (saturation pressure) and the pressure being exerted by 

the amount of water vapor in the air at a given instant (current pressure) (AMARAL et al., 

2020). This difference is a measure of the evaporating power of the air, having a direct 

relationship with the processes of evaporation and transpiration, since these depend on the vapor 

pressure gradient between the evaporating surface and the air, among other factors. The vapor 

pressure deficit (VPD) can be calculated by the following equation (Equation 7): 

VPD = 𝑒𝑆 − 𝑒𝑎 (7) 

Where: VPD is the vapor pressure deficit (kPa), es is the saturation vapor pressure (kPa), and 

ea is the actual vapor pressure (kPa). 

Vapor saturation pressure (eS) represents the amount of vapor that can exist in a 

given atmosphere as a function of temperature, the vapor saturation pressure can be calculated 

(in kPa), knowing the air temperature (Ta in ºC), through the Tetens Equation 8: 

𝑒𝑆 = 0,6108 ×10
7,5 × Ta
237,3+Ta  para Ta ≥ 0 ℃ (8) 

Where: es is the saturation pressure (kPa), Ta is the air temperature (ºC). 

The actual vapor pressure (ea) is obtained as a function of the average relative 

humidity (RHavg) and the vapor saturation pressure (s), through Equation 9. 

𝑒𝑎 = 𝑒𝑆 × UR/100 (9) 

Where: ea is the actual vapor pressure (kPa), es is the saturation pressure (kPa) and RH is the 

relative humidity (%).  
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3.3 Results and Discussion 

Figure 3 illustrates the proper functioning of the sensors located upstream (Vu) and 

downstream (Vd) of the heating probe right after the emission of a heat pulse. The sensors 

installed in plant 4 showed abnormal functioning, therefore, this replication was discarded from 

the sap flow calculations. It is noticed that the values of Vu and Vd increased in different 

proportions after the pulse, indicating the direction of the flow. At the time the test was 

performed, plant 5 had an inverse sap flow since Vd received more heat than Vu. The heat 

peaks are generally seen around 40 seconds after the pulse, except for plant 6, which has the 

smallest stem diameter of all (Table 1), producing faster heat conduction. 

 

Figure 3 – Temperature increase verified by thermocouples positioned above (Vu) and below 

(Vd) the pulse probe seconds after the emission of a heat pulse 
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Through the daily behavior of the sap flow (Figure 4) it is noted that the catingueira 

plants are able to perform inverse flow as reported by Burgess and Dawson (2004), Cassana et 

al. (2016), Eller et al. (2013), Ferreira et al. (2018), Goldsmith et al. (2013) e Nadezhdina et al. 
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pm and 6 am, mainly in transition periods. The reverse flow in plants can occur either by the 

movement of water absorbed by the leaves and transported towards the roots or by the hydraulic 

redistribution of water within the plants. Regarding the absorption of water by the leaves, this 

can be facilitated by specialized structures, such as trichomes (ELLER; LIMA; OLIVEIRA, 

2016; FERNÁNDEZ et al., 2014; LIMM et al., 2009; PINA et al., 2016) and the hydathodes 

(MARTIN; VON WILLERT, 2000), but even leaves without these structures can be permeable 

to water directly through the cuticle (ELLER; LIMA; OLIVEIRA, 2013, 2016) or through the 

stomatal opening (BURKHARDT, 2010; BURKHARDT et al., 2012).  

 

Figure 4 – Mean hourly sap flow in catingueira and vapor pressure deficit (VPD) in the dry, 

dry-rainy, rainy and rainy-dry transition seasons 
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Whatever the means of entry, foliar water uptake is likely to be restricted to leaf 

wetness events, when atmospheric water potentials are normally very low (NOBEL, 2009), that 

is, the DPV is low, as observed in the present study. Only when water has agglomerated on the 

leaf surface and the leaf is experiencing a water deficit is it likely that the inner tissue of the 

leaf has less water potential than the boundary layer. The strongest evidence for foliar water 
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uptake comes from ecosystems affected by fog and dew, where wetting events occur when soil 

water availability is limited (ELLER; LIMA; OLIVEIRA, 2013; GOLDSMITH; MATZKE; 

DAWSON, 2013; LIMM et al., 2009). The average soil moisture in the study area is 0.06 m3.m-

3 in the dry season and 0.14 m3.m-3 in the rainy season. 

As there are several possible pathways for water entry into leaves, this water 

acquisition strategy has been observed in plants from various ecosystems (BERRY; WHITE; 

SMITH, 2014; CASSANA et al., 2016; ELLER; LIMA; OLIVEIRA, 2013, 2016; GOTSCH et 

al., 2014; MARTIN; VON WILLERT, 2000; PINA et al., 2016; SIMONIN; SANTIAGO; 

DAWSON, 2009). The water acquired by foliar absorption is considered of special ecological 

relevance in dry or seasonally dry environments, in which frequent leaf wetting events occur 

(OLIVEIRA et al., 2014). 

Conditions in the plant that result in water movement from leaves to stem similarly 

require the presence of a conduction gradient, where foliar uptake of water results in a greater 

leaf water potential than that of the stem (GOLDSMITH, 2013a). Eller et al. (2013) 

demonstrated an increase in leaf water potential resulting from foliar water uptake, as well as 

an inverse stem water flow. 

Although the catingueira is a deciduous species, which loses its leaves in the long 

dry period, remaining like this for an average of 5 months a year, there is another plant structure 

capable of absorbing water that is present in this species, the lenticels. Lenticels are in the 

epidermis of different plant organs, such as the stem, and are pores that always remain open, 

unlike stomata, which regulate their opening extent. Lenticels allow the exchange of gases 

between the environment and the internal tissue spaces of the organs (CARRILLO-LÓPEZ; 

YAHIA, 2019). 

It is also noticed that in the transition seasons (Figures 4B and 4D) the sap flow has 

a greater amplitude, this fact can be explained because in these periods of the year the vapor 

pressure deficit is greater than in the rainy season and there is more moisture in the soil than in 

the dry season. 

Figure 5 shows a better configuration to elucidate the relationship between 

catingueira sap flow and vapor pressure deficit. There is a correlation between these two 

processes of 0.36 and 0.37 in the rainy and dry seasons, respectively. In addition, the daily 

peaks and valleys of sap flow and VPD correspond, evidencing the relationship between them. 

Studies like that of Amaral et al. (2020) demonstrate a high temporal correlation between sap 

velocity and VPD with fast responses. However, this experiment was carried out under 

controlled environmental conditions and without water deficit, different from the environmental 
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conditions of our study. Even so, it is observed that there were no delays in the responses of the 

sap flow to the VPD. 

Once again, regardless of the period of the year, reverse flow events occur in 

catingueira. The average daily flow in the dry season in the catingueira is 890 cm3.h-1 while in 

the rainy season it is 1900 cm3.h-1, 46% higher. It is known that not all water that passes through 

the cross section of the stem where the sensor is located is transpired, but that there is a strong 

correlation between these two phenomena. However, it can be seen that even in the period when 

the plants do not have transpiring leaves, given their deciduous leaves in the dry period, there 

is still a large movement of water inside.



 
 

Figure 5 – Sap flow (continuous line) and vapor pressure deficit (VPD) (dotted line) on ten days of the 2019 rainy season (A) and ten days of the 

2021 dry season (B) 
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The annual rainfall of the years studied was 228.00 mm (2018), 391.41 mm (2019), 

622.03 mm (2020) and 420.00 mm (2021). Thus, only the year 2020 was above the historical 

average of 549.00 mm (PINHEIRO et al., 2016). Figure 6 shows the relationship between the 

diurnal and nocturnal sap flow. It is observed that the months of greatest sap flow are the 

transition months (May and December). The highest percentages of night flow are among the 

driest months of the year. During this period, plants tend to avoid water loss as much as possible. 

Stomatal opening overnight would be a strategy. However, in this period the plants do not have 

leaves. Which raises the question about the use of water moved during the night. 

 

Figure 6 – Daytime and night time sap flow and percentage of night time sap flow over the 

months of the year 
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3.4 Conclusions 

 

It was identified that catingueira plants (Caesalpinia pyramidalis Tul.) have the 

ability to perform inverse sap flow at night and predawn basically throughout the year. The 

highest sap flow occurs in transition seasons due to atmospheric conditions and soil moisture. 

There is a positive linear relationship between sap flow and vapor pressure deficit and the 

relationship between daytime and night time sap flow over the months of the year. It was noticed 

that the nocturnal sap flow is more significant in the driest months of the year due to the high 

daytime atmospheric demand in this period, which demonstrates another adaptive strategy of 

the species.  
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4 TEMPORAL DYNAMICS OF EVAPOTRANSPIRATION IN SEMIARID NATIVE 

FORESTS IN BRAZIL AND SPAIN USING REMOTE SENSING 

 

Abstract: Evapotranspiration (ET) plays an important role in integrated water resource 

planning, development and management. This process is particularly relevant in semiarid 

regions. The aim of this study is, hence, to compare spatial and temporal patterns of actual 

evapotranspiration, as well as the temporal trends in two different semiarid forests, Caatinga 

(Brazil) and Tierra de Pinares (Spain). We used the Surface Energy Balance Algorithm for Land 

(SEBAL) to assess actual evapotranspiration (ETa) in both areas. In the Brazilian semiarid 

forest, Caatinga is the main vegetation, while it is Pinares in Spain. For this purpose, 69 

Landsat-5 and 42 Landsat-8 images (1995 – 2019) were used. The Mann-Kendall test was 

applied to assess the occurrence of trends in precipitation, temperature and potential 

evapotranspiration data; and the Temporal Stability Index (TSI) to know which areas have 

greater seasonal ETa. The annual amplitude of the potential evapotranspiration (ET0) is the same 

in both areas, however, the Caatinga values are higher. In the Caatinga forest, when ET0 

presents its highest values throughout the year, ETa presents the lowest, and vice versa. In the 

Pinares forest, ETa follows the ET0 dynamics during the year, and the difference between ET0 

and ETa is maximum during the summer. The Caatinga forest showed a greater spatial variation 

of ETa than the Pinares forest as well as a greater extension with lower temporal stability of ETa 

than the Pinares forest. Both the Caatinga forest and the Pinares forest showed significant 

positive trends in annual ET0 and ETa. We estimate that the value of ETa increases more rapidly 

in Pinares than in the Brazilian Caatinga. Taking Caatinga as a hydrological mirror, some 

consequences are expected to Pinares, such as significant changes in the water balance, increase 

of biodiversity vulnerability, and reduction of water availability in soil and reservoirs. 

Keywords: SEBAL; Landsat; Caatinga; Tierra de Pinares; energy balance; drylands 
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4.1 Introduction 

The continuous increase in water demand is a subject of concern (BORETTI; 

ROSA, 2019; COSGROVE; LOUCKS, 2015) and demands efficient management systems, 

particularly in semiarid regions (SUN et al., 2019). Those regions account for 15% of the global 

land area and feed 14% of the global population. Besides, semiarid ecosystems are very fragile 

and sensitive to climate change (SAFRIEL; ADEEL, 2005). 

The Brazilian semiarid zone is characterized by an extremely negative atmospheric 

water balance - aridity index is below 0.50 (precipitation/potential evapotranspiration) 

(MARENGO et al., 2020) - and a considerable spatial and temporal variability in water supply. 

This area, near the Equator in the Southern Hemisphere, presents annual periods that are 

determined mainly by the precipitation rate: rainy and dry seasons (DE ARAÚJO; PIEDRA, 

2009; DE FIGUEIREDO et al., 2016; PINHEIRO et al., 2016). These features contrast with 

other semiarid areas, such as the Spanish Northern Plateau, where precipitation distribution is 

relatively uniform throughout the year (CALAMA et al., 2019), and where the vegetation is 

mostly influenced by temperature. These marked seasonal differences may lead to a distinct 

spatial and temporal behaviour of the actual evapotranspiration (ETa) in those semiarid areas. 

Evapotranspiration (ET) is one of the most challenging components of the water 

balance equation to be measured (CASTELLI et al., 2018). It can be quantified using lysimeters 

or aerodynamic methods (e.g., Bowen ratio and Eddy Covariance), but such methods only 

represent the specific area around the experimental setup. The spatial variation of 

evapotranspiration on a large scale can be better captured by models based on remote sensing 

(JAAFAR; AHMAD, 2020). The high spatial resolution and long registration period of a USGS 

Landsat permits to assess a spatiotemporal ET series of vegetated and non-vegetated surfaces 

(CHEN; LIU, 2020; JAAFAR; AHMAD, 2020). 

Thermal-energy balance models that use remote sensing, such as SEBAL (Surface 

Energy Balance Algorithm for Land), have been successfully applied to assess ETa at field scale 

in many areas of the world. Teixeira, Bastiaanssen, Ahmad, and Bos (2009) applied SEBAL to 

estimate evapotranspiration in irrigated agriculture and Caatinga vegetation in the semiarid 

region of the São Francisco River basin, north-eastern Brazil; Losgedaragh and Rahimzadegan 

(2018) used it to compute evaporation from the freshwater bodies; the same authors (2018), as 

well as Rahimzadegan and Janani (2019), applied SEBAL to agricultural lands in a semiarid 

climate in Iran; Senkondo, Munishi, Tumbo, Nobert, and Lyon (2019) used it in a sub-tropical 

region in Tanzania’s Kilombero Valley; whereas Gobbo et al. (2019) and Grosso et al. (2018) 

applied it to assess ET at irrigated and non-irrigated maize fields in Italy. 
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In the years to come, a significant reduction of precipitation and a temperature 

increase can be expected over global typical semiarid regions as a result of climate change 

(YANG et al., 2019). This trend may influence both the atmospheric and vegetation water 

demand, that is, the ETa. Therefore, it is crucial and challenging to research for a better 

hydrological understanding of water-balance changes that may occur in semiarid ecosystems, 

such as Caatinga (Brazil) and Tierra de Pinares (Spain). The aim of this study is, hence, to 

compare spatial and temporal patterns of actual evapotranspiration, as well as to identify 

temporal evapotranspiration trends in both areas. 
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4.2 Materials and Methods 

4.2.1 Study areas 

The research took place in two forested semiarid areas (Figure 1). The Caatinga 

experimental area is located inside the Aiuaba Ecological Station (ESEC, 117 km²), a Federal 

preservation area located in the Brazilian Northeast. This space has been fully preserved since 

1978 and monitored since 2003 by the Semiarid Hydro-Sedimentological Research Group 

(http://www.hidrosed.ufc.br/index.php).  

 

Figure 1 - Geographical location of the study areas and meteorological stations: Caatinga forest 

in north-eastern of Brazil and Tierra de Pinares forest in Valladolid (Castile and Leon), Spain 

 

 

The Caatinga experimental area is part of the Jaguaribe River basin. According to 

the Köppen classification, the local climate is Bsh (hot semiarid) with potential annual 

evaporation of 2,500 mm, average annual precipitation of 549 mm, and average annual 

temperature of 26 ºC (PINHEIRO et al., 2016). The rainy season is concentrated from January 

to April (Figure 2a). The predominant lithology is the crystalline complex of metasedimentary 

formation. Soils in the region are generally shallow and originated from a crystalline substrate. 
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The predominant soil types are Luvisols, Latosols, and Argisols (DE ARAÚJO; PIEDRA, 

2009; FARIAS et al., 2019). 

 

Figure 2 - Climatic chart of the study areas: (a) Caatinga forest in Brazil and (b) Pinares forest 

in Spain 

 

 

The Pinares forest (106 km2) is located in Tierra de Pinares, in the province of 

Valladolid, Spanish Northern Plateau. Local vegetation there is formed mainly by stone pine 

(Pinus pinea L), but the maritime pine (Pinus pinaster) and holm oak (Quercus ilex) can also 

be found (BELLO, 2004). The soil is deep and sedimentary, with a sandy texture (more than 

90% sand) and low water-holding capacity (CALAMA et al., 2019). Pinares forest has a 

continental Mediterranean climate which, according to the Köppen classification, is Bsk (cold 

semiarid). The annual rainfall is 434 mm and it is more regular throughout the year than in the 

Caatinga forest (Figure 2b). The annual mean temperature 11 °C (MORENO-FERNÁNDEZ et 

al., 2018), with a minimum mean temperature in winter close to 4 °C and a maximum mean 

temperature higher than 21 °C, and the potential annual evapotranspiration 1,100 mm 

(VICENTE-SERRANO et al., 2014). In the area, the confluence of the rivers Pisuerga and 

Duero takes place. 

 

4.2.2 Satellite Imagery and Meteorological data 

Actual evapotranspiration (ETa) was estimated for the two experimental areas by 

using the imagery of Landsat 5 and Landsat 8. Landsat 5 captured images from March 1984 to 

January 2012 on six 30-m visible bands and a 120-m thermal band. Landsat 8 was launched in 

February 2013 and is still operating. Landsat 8 OLI images have eight 30-m bands, two 100-m 

thermal bands and a 15-m panchromatic band. In this study, all the available cloudless images 
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between 1995 and 2019 were used (Figure 3): 37 images of the Caatinga forest and 74 of the 

Pinares forest, totalling 111 images. The imaging time was 12:00 UTC (path 217 and row 65) 

for Caatinga, and 11:00 UTC (path 202 and row 31) for Pinares. 

 

Figure 3 - Satellite data of the period from 1995 to 2019, used for the assessment of actual 

evapotranspiration in the Caatinga forest and the Pinares forest 

 

 

The Caatinga forest usually is excessively cloudy during the rainy season, so that 

practically no image was sufficiently clear (i.e., cloudless). During the rainy months, maximum 

cloud coverage was set to 10%, and the specific areas covered by clouds were disregarded. 

Shuttle Radar Topography Mission (SRTM) images were employed to generate the 

Digital Elevation Model (DEM). Both Landsat and SRTM data were provided by the United 

States Geological Survey (USGS) (https://earthexplorer.usgs.gov/). 

Daily and hourly field data of wind speed, temperature, relative humidity, solar 

radiation, air pressure and precipitation were obtained from the National Institute of 

Meteorology (INMET) and the Ceará Foundation of Meteorology and Water Resources 

(FUNCEME) for the Brazilian forest, and from the State Meteorological Agency (AEMET) for 

the Spanish forest. Table 1 shows the stations and periods of available data.  

https://earthexplorer.usgs.gov/
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Table 1 - Synthesis of meteorological data obtained for the Caatinga forest and the Pinares 

forest 

Area Station Agency Latitude Longitude Data Period 

C
aa

ti
n

g
a 

Experimental FUNCEME -6.7º -40.3º 

Air temperature 

29/12/2005 to 

31/1/2018 

Relative humidity 

Wind speed 

Precipitation 

Atmospheric pressure 

Solar radiation 

Headquarters 

of reserve 
FUNCEME -6.6º -40.1º 

Air temperature 

12/11/2005 to 

10/1/2008 

Relative humidity 

Wind speed 

Precipitation 

Atmospheric pressure 

Solar radiation 

Campos 

Sales 
INMET -7.1º -40.4º 

Air temperature 

1/11/1962 to 

31/3/2019 

Relative humidity 

Wind speed 

Precipitation 

Insolation 

Atmospheric pressure 8/3/2008 to 

30/6/2019 Solar radiation 

Tauá INMET -6.0º -40.3º 

Air temperature 

1/1/1964 to 

3/8/2019 

Relative humidity 

Wind speed 

Precipitation 

Insolation 

Atmospheric pressure 13/7/2007 to 

30/6/2019 Solar radiation 

P
in

ar
es

 Valladolid AEMET 41.6º -4.8º 

Air temperature 
1/10/1973 to 

13/10/2019 
Relative humidity 

Wind speed 

Solar radiation 
10/5/1991 to 

30/9/2019 

Atmospheric pressure 1/10/1973 to 

14/10/2019 Precipitation 

Villanubla AEMET 41.7º -4.8º 

Air temperature 
1/1/1961 to 

13/10/2019 
Relative humidity 

Wind speed 

 

In the Caatinga forest, meteorological data were obtained from one of the four 

stations close to the area, depending on data availability on the analysis day (Figure 1): the 

Experimental station is located inside the experimental area and provided 27% of the data; the 

gauge located in the headquarters of the Ecological Station provided 8%; whereas Campos 

Sales and Tauá stations provided, respectively, 62% and 3% of the data. In the case of the 

Pinares forest, data concerning air temperature, wind speed and relative humidity were used 

from the Villanubla station, which is located outside the city of Valladolid and suffers less 

influence of urbanization effects. All other data were provided by the Valladolid station, which 

is closest to the area. 
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4.2.3 Surface Energy Balance Algorithm for Land (SEBAL) model 

The Surface Energy Balance Algorithm for Land (SEBAL) model was applied in 

this work because it has been successfully used in this region and in several other investigations, 

whose objective was similar to ours. SEBAL calculates the components of the surface energy 

balance (LIAQAT; CHOI, 2015), so that the ET for each image pixel can be estimated using 

Eq. 1 (BASTIAANSSEN et al., 1998): 

𝜆𝐸𝑖𝑛𝑠𝑡 = 𝑅𝑁 − 𝐺 − 𝐻 (1) 

 

where 𝜆𝐸𝑖𝑛𝑠𝑡 is the latent heat flow at the time of imaging, RN the net radiation on the surface, 

G the heat flow from the soil and H is the sensible heat flow. All units are W m-2. RN (Eq. 2) is 

a key hydrometeorological parameter and considers both short- and longwave radiation flows. 

𝑅𝑁 = (1 − 𝛼)𝑅𝑆↓ + 𝑅𝐿↓ − 𝑅𝐿↑ − (1 − 𝜀𝑆)𝑅𝐿↓ (2) 

 

where 𝛼 is the surface albedo and εS the surface emissivity, RL↓ and RL↑ are the respective surface 

upward and downward longwave radiations (W m-2). RS↓ is the shortwave incoming radiation 

(W m-2) and primary energy source for ET. The incoming shortwave radiation is obtained from 

Eq. 3: 

𝑅𝑆↓ = 𝐺𝑆𝐶  𝑐𝑜𝑠𝜃 𝑑𝑟 𝜏𝑠𝑤 (3) 

 

where GSC is the solar constant (1367 Wm-2), θ the solar incidence angle, dr the inverse squared 

relative distance between sun and earth, and τsw the atmospheric transmissivity, which can be 

calculated by the empirical Eq. 4. 

𝜏𝑠𝑤 = 0.75 + 0.00002𝑧 (4) 

 

where z is the height above mean sea level (m). The outgoing longwave 𝑅𝐿↑ is obtained from 

Eq. 5: 

𝑅𝐿↑ = 𝜀0 𝜎 𝑇𝑠
4 (5) 

 

where 𝜀0 is the (dimensionless) surface emissivity, σ the Stefan-Boltzmann constant (5.67×10−8 

Wm-²K-4) and TS the surface temperature (K). Emissivity can be calculated based on empirical 

equations of the Normalized Difference Vegetation Index (NDVI) and the leaf area index (LAI). 
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The leaf area index (Eq. 6) is calculated by using an empirical equation of the Soil Adjusted 

Vegetation Index (SAVI) (ALLEN et al., 2002): 

𝐿𝐴𝐼 = −
ln (

0.69 − 𝑆𝐴𝑉𝐼
0.59

)

0.91
 

(6) 

 

SAVI (Eq. 7) is meant to reduce soil effect on reflectance of surface in arid areas 

and, thus, decreases soil moisture impacts on the index results (ALLEN et al., 2002).  

𝑆𝐴𝑉𝐼 =
(𝑅𝐼𝑅 − 𝑅𝑅)

(𝐿 + 𝑅𝐼𝑅 + 𝑅𝑅)
(1 + 𝐿) 

(7) 

 

where 𝑅𝐼𝑅 and 𝑅𝑅 are the reflectivity for infrared and red bands, respectively. L is a parameter 

for SAVI and if it is zero, SAVI becomes equal to NDVI. A value of 0.5 frequently appears in 

the literature for L and was used in this work. Incoming longwave radiation is calculated as in 

Eq. 8: 

𝑅𝐿↓ = 𝜀𝑎 𝜎 𝑇𝑎
4 (8) 

 

where εa is the atmospheric emissivity, and Ta the near surface air temperature (K). Soil and 

water heat flux G (Eq. 9) is the rate of heat storage in soil, plants and water in heat transfer. It 

is not possible to calculate this factor by remote sensing methods, but it can be determined 

relating G/Rn, NDVI, TS and albedo. 

𝐺

𝑅𝑛
=

𝑇𝑆

𝛼
(0.0038𝛼 + 0.0074𝛼2)(1 − 0.98𝑁𝐷𝑉𝐼4) 

(9) 

 

where the surface temperature (TS) is in °C. The sensible heat flux H (Eq. 10) is heat transferred 

to the air by convection due to a temperature difference.  

𝐻 =
𝜌 𝐶𝑃 𝛥𝑇

𝑟𝑎ℎ
 

(10) 

where ρ is air density, CP the specific heat capacity of air for which 1004 Jkg-1k-1 was used, ΔT 

is the temperature difference from height Z1 to Z2 (K), and rah the aerodynamic resistance to 

heat transport (s m-1). Since there are two unknown variables (ΔT and rah) in Eq. 10, acquiring 

a sensible heat flux can be complex. This is why the SEBAL process utilizes two “anchor” 

pixels, “hot” and “cold”, to fix boundary conditions for the energy balance. The selected “cold” 

pixel is a wet, well-irrigated crop surface with full vegetation ground cover. The surface and 
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near-surface air temperatures are assumed to be equal at this pixel. The selected “hot” pixel is 

a dry, bare agricultural field with ET assumed to be zero (ALLEN et al., 2002). 

Two factors must be taken into account when choosing “anchor” pixels: surface 

temperature (TS) and vegetation index (NDVI). The cold pixel must have a low temperature 

and a high NDVI, whereas the hot pixel must have a high temperature and a low NDVI 

(RAHIMZADEGAN; JANANI, 2019). A linear relationship is established between TS and ΔT 

Eq. 11 and calibrated based on the knowledge of the boundary conditions identified in the 

“anchors”, where the ΔT values can be calculated back using a known H. 

ΔT = 𝑏 + 𝑎T𝑆 (11) 

In Eq. 11, ‘a’ and ‘b’ are parameters. The variables ΔT and rah are calculated in the first loop, 

subsequently current values are implemented in the next loop as new initial values, and 

variables are updated in every loop. This process continues until the variables converge, which 

enables the algorithm to assess the sensible heat flux (LOSGEDARAGH; RAHIMZADEGAN, 

2018). 

The SEBAL model was applied in GRASS GIS 7.6, the Geographic Information 

System called Geographic Resources Analysis Support System; a script developed for each 

Landsat platform was used to facilitate the loop procedure to obtain ΔT, rah and, consequently, 

H. 

The instantaneous ET value (mm h-1) at the time of image acquisition and in an 

equivalent evaporation depth is computed as in Eq. 12: 

𝐸𝑇𝑖𝑛𝑠𝑡 = 3600
𝜆𝐸𝑖𝑛𝑠𝑡

𝜆
 

(12) 

 

where 3600 is the time conversion from seconds to hours, and λ the latent vaporization heat or 

the heat absorbed when a kilogram of water evaporates (J kg-1). After this, the daily ET value 

(mm day-1) can be computed as in Eq. 13: 

𝐸𝑇𝑑𝑎𝑦 =
𝐸𝑇𝑖𝑛𝑠𝑡

𝐸𝑇𝑟
𝐸𝑇𝑟𝑑𝑎𝑦

 
(13) 

where ETr is the reference ET at the time of the image. For natural forest areas, ETinst/ETr, 

denominated evapotranspiration faction (ETfrac), is similar to the product between crop 

coefficient (Kc, dimensionless) and water stress coefficient (Ks, dimensionless). 𝐸𝑇𝑟𝑑𝑎𝑦
 is the 

cumulative 24-hour ETr for the day of the image. Both ETr and 𝐸𝑇𝑟𝑑𝑎𝑦
 were obtained with the 

program REF-ET 4.1 (ALLEN, 2016) (mm h-1) by using the Penman-Monteith FAO equation 



59 
 

(PM-FAO: Allen, Pereira, Raes, & Smith, 1998). The actual annual evapotranspiration to be 

used in trend analyses was derived from ETfrac data. 

 

Figure 4 - Flowchart of actually daily ET estimation by using Landsat images and SEBAL 

model 

 

 

4.2.4 Comparison of ETa by SEBAL with FAO56 Method and climate change trend analysis 

In order to compare the results obtained through SEBAL with another method we 

used the Eq.14.  

ETa = ET0.Kc.Ks (14) 

For both semiarid zones the ET0 was determined by using Penman-Monteith 

FAO56 equation (ALLEN et al., 1998).Three statistical metrics were used: the determination 

coefficient (R2, Eq.15), Nash–Sutcliffe efficiency coefficient (NSE, Eq.16), and Pearson's 

correlation coefficient (r, Eq.17). 

𝑅2 =
[∑ (𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅

𝑆𝑒𝑏𝑎𝑙)(𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅ )𝑛
𝑖=1 ]

2

∑ (𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅
𝑆𝑒𝑏𝑎𝑙)2 ∑ (𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅ )2𝑛

𝑖=1
𝑛
𝑖=1

 
(15) 

𝑁𝑆𝐸 = 1 −
∑ (𝑛

𝑖=1 𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖)
2

∑ (𝐸𝑇𝑎𝑖
𝑛
𝑖=1 −  𝐸𝑇̅̅ ̅̅ 𝑎𝑖)2

 
(16) 

𝑟 =
∑ (𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅

𝑆𝑒𝑏𝑎𝑙)(𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅ )𝑛
𝑖=1

√∑ (𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅
𝑆𝑒𝑏𝑎𝑙)2 ∑ (𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅ )2𝑛

𝑖=1
𝑛
𝑖=1

 
(17) 

where 𝐸𝑇𝑎𝑆𝑒𝑏𝑎𝑙,𝑖 is the SEBAL actual evapotranspiration for each day and 𝐸𝑇𝑎𝑖 the actual 

evapotranspiration obtained by Eq. 14. 
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The trend analysis was performed using Mann-Kendall method (KENDALL, 1975; 

MANN, 1945): it is a nonparametric test to identify a trend in a series. The null hypothesis H0 

for this test means that there is no trend in the series, whereas the three alternative hypotheses 

are a negative, non-null, or positive trend. A significance level of p = 0.05 was applied in this 

study. The Mann-Kendall test was employed with weather variables (rainfall, maximum and 

minimum temperature) and with the actual and potential evapotranspiration. 

 

4.2.6 Temporal Stability Index 

The Temporal Stability Index (TSI) was calculated as in Penna et al. (2013) and in 

Zhao et al. (2010) for each season (autumn, winter, spring and summer) in the Pinares forest. 

For the Caatinga forest, we calculated TSI for the rainy season and for the dry season, since the 

four seasons cannot be differentiated there. Eqs. 17, 18, and 19 were used to assess the TSI: 

δ𝑖𝑗 =
(𝐸𝑇𝑎𝑖𝑗 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅

𝑗)

𝐸𝑇𝑎̅̅ ̅̅ ̅̅
𝑗

 
(17) 

𝜎𝑖𝑗 = √
(𝐸𝑇𝑎𝑖𝑗 − 𝐸𝑇𝑎̅̅ ̅̅ ̅̅

𝑗)
2

𝑛𝑝 − 1
 

(18) 

TSI = √δ𝑖𝑗
2 + 𝜎𝑖𝑗δ𝑖𝑗

2 
(19) 

where 𝐸𝑇𝑎𝑖𝑗 is the actual evapotranspiration value at position i at time j, 𝐸𝑇𝑎̅̅ ̅̅ ̅̅
𝑗 the average 

actual evapotranspiration of all positions in space at time j, 𝜎 the standard deviation and np the 

number of pixels. Low TSI values indicate zones with high temporal stability of ETa, while 

high TSI values indicate zones of low stability over time. 
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4.3 Results and Discussion 

4.3.1 Time series analysis of evapotranspiration 

Figure 5 shows the daily time series of potential and actual evapotranspiration, as 

well as precipitation. It can be seen that the daily amplitude of ET0 in both areas is similar: they 

range from 2 to 10 mm day-1 in the Caatinga forest and from 0 to 8 mm day-1 in the Pinares 

forest. In the Caatinga forest, however, there is a greater daily variability, since the area does 

not have a well-defined distinction between the four seasons (winter, spring, summer, autumn). 

We also observe that ETa is much closer to ET0 in the Pinares forest, especially in the winter 

(December-February), when the atmospheric water demand is lower. In summer (June-August), 

the soil is drier due to the combination of high potential evapotranspiration and low 

precipitation (CALAMA et al., 2019), which diminishes soil moisture and, consequently, actual 

evapotranspiration. 
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Figure 5 - Time series of daily rainfall and actual (ETa) and potential evapotranspiration (ET0) 

for (a) the Caatinga forest and (b) the Pinares forest. Daily values are interpolated from the 

satellite overpass time 

 

 

During the dry season in the Caatinga forest, actual evapotranspiration is generally 

much lower than the potential one (Figure 5a). In that period, the potential evapotranspiration 

is high due to high air temperature and low air moisture, which raise the vegetative water 

demand. Simultaneously, water availability for the plants is limited due to a continuous absence 

of precipitation for several months (MEDEIROS; DE ARAÚJO, 2014), so that soil moisture is 

extremely low (in the Caatinga forest, moisture is below wilting point during more than six 

months annually: Costa, Lopes, Pinheiro, Araújo, & Gomes Filho, 2013). The combination of 

high atmospheric-water demand and low soil-water availability causes the plants to actually 

evapotranspirate considerably less than the potential value. During the rainy season (January-

April) (Figure 2a), in contrast, soil moisture increases and potential evapotranspiration 

decreases (Figure 5b). 
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Due to the presence of clouds, it was not possible to obtain images during the 

rainiest months of the year (February, March and April in the Caatinga forest and December in 

Pinares). According to Jaafar and Ahmad (2020), some limitation exists when cloudy days are 

frequent: estimated ETa may be higher than the actual values during winter and early spring, 

considering that the cloudless images are not representative of that period, and in images of 

cloudy days, evapotranspiration is below the period average. This is true for the Brazilian 

semiarid during the rainy season, when cloudiness prevails, and it explains why the curve 

generated in Figure 6a is incomplete. Despite data gaps, however, one can observe the annual 

behaviour of Kc.Ks in both areas and its value can be used for prospective estimates of ETa. 

According to Teixeira et al. (2009), the value of Kc.Ks during the Caatinga dry season is around 

0.20. For the present study, the maximum Kc.Ks value could not be identified, considering that 

no useful images were available during the months with the highest precipitation rates. In 

accordance with the authors op cit., the Kc.Ks may surpass 0.90 during wet season in a Caatinga 

vegetation. This value was admitted for the months of February, March and April for the 

complete construction of Figure 6c. 
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Figure 6 - Monthly fraction of evapotranspiration (ETfrac = Kc.Ks) for both forests (a) Caatinga 

and (b) Pinares obtained by ETa_SEBAL/ET0_PM for each scene of Landsat used and (c) for each 

month by ETfrac average 

 

 

With regards to the Pinares forest (Figure 6b), a large dispersion of Kc.Ks data in 

late autumn and winter can be perceived; it may be related to the high daily ranges of wind 

speed (standard deviation = 1.9 m s-1) and precipitation (standard deviation = 3.9 mm) during 

that period. The gradient of water potential in the soil-plant-atmosphere complex causes soil 

water to be carried through the plant and transpired through the leaves. When the precipitation 

rate is low and there is not enough soil moisture present, the water potential gradient is reduced 

and does not favour transpiration. Wind also influences the evapotranspiration process, as it 

carries moist air over the surface of leaves, soil and water bodies, renewing the air and keeping 
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it prone to receive more steam. Thus, the daily variation of these factors influences the increase 

and decrease of ETa and it explains the dispersion of Kc.Ks in the Pinares forest. 

The box-plot of the daily actual evapotranspiration in Figure 7 is divided into 

colours corresponding to the seasons for the two study areas. As in the Brazilian semiarid zone 

the four typical seasons are not well-defined like in the Pinares forest, only rainy (first semester) 

and dry seasons (second semester) are distinguished. The individual box-plots correspond to 

the ETa data of each of the pixels of the images that represent the two studied sites. There is a 

greater amplitude in the Caatinga forest ETa data (Figure 7a) than in the Pinares forest (Figure 

7b), with statistical significance at the 95% confidence level by the ANOVA F test. 
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Figure 7 - Box-plot of daily actual evapotranspiration (ETa) for the two forests (a) Caatinga (N 

≈ 146,799 pixels) and (b) Pinares (N ≈ 168,956 pixels), elaborated for each of 111 Landsat 

overpasses and computed by using the Surface Energy Balance Algorithm for Land (SEBAL) 

model. The colours represent the different seasons of the year 

 

 

 

The Caatinga forest is an area of natural vegetation and, hence, characterized by a 

wider range of species and a higher irregularity in the distribution of vegetation density, if 

compared to the Pinares forest. It may also be highlighted that there are pixels of reservoir water 

or rivers and pixels of exposed soil from roads and badlands in both areas; these pixels influence 

the respective maximum and minimum ETa peaks. Many pixels in the Caatinga area show a 

value of ETa equal or close to zero in almost all the images due to exposed soil areas and/or the 

presence of leafless plants that, according to the method, resemble exposed soil. In some cases, 

such as on 10/Sep/1998, 1/Jul//2007, 18/Aug/2007, 9/Jul/2016, 10/Aug/2016 the median was 
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zero; note that the first and last of these three years (1998 and 2016) were very dry (see Figure 

5a). In the Pinares forest the medians are higher in Summer and Spring, whereas Autumn and 

Winter have the lowest atmospheric demands of the year. 

As there is no agricultural production around the study areas during some months, 

such as in the dry season at Caatinga forest and winter at the Pinares forest, it was difficult to 

choose a cold pixel for the execution of SEBAL; that being so, a pixel within a water body was 

selected. This circumstance makes it a somewhat inconvenient method to be used in natural 

areas. Still, the ETa data obtained using SEBAL adjust well to the ETa data assessed by Penman-

Monteith times Kc and Ks (Figure 8a, b). In the Pinares forest, we used the seasonal value of 

the ratio ETa/ET0 (it means Kc.Ks) obtained by Liu et al. (2017) for pines using eddy flux 

(FLUXNET) data (Table 2). In the Caatinga forest (Table 2), ETa/ET0 was calculated from the 

on-site water balance by Teixeira (2018). Teixeira et al. (2009) also found a good correlation 

(R2 = 0.87) between the daily ETa data by SEBAL and field data from a mixed agricultural and 

natural ecosystem in a Brazilian semiarid region. 

 

Figure 8 - Validation of daily actual evapotranspiration (ETa) for the two forests: (a) Caatinga 

and (b) Pinares, using ET0 calculated with the Penman-Monteith FAO-56 equation and Kc.Ks 

 



68 
 

The statistical parameters are determination coefficient (R2), Nash–Sutcliffe coefficient (NSE), 

and Pearson's correlation coefficient (r). 

 

Table 2 - Ratio ETa/ET0 (which equals Kc.Ks, Eq. 13) for the Caatinga (TEIXEIRA, 2018) and 

Pinares (Liu et al., 2017) semiarid forests 

Area 
Months 

J F M A M J J A S O N D 

Caatinga 0.62 0.76 0.68 0.81 0.54 0.36 0.34 0.30 0.29 0.31 0.29 0.37 

Pinares 0.44 0.44 0.37 0.37 0.37 0.49 0.49 0.49 0.52 0.52 0.52 0.44 

 

In both forests, the correlation between NDVI and ETa was greater in areas of less 

dense vegetation (Figure 9). As the most vegetated areas have a more constant NDVI 

throughout the year, the annual variations of ETa are more dependent on meteorological factors 

(related to the atmospheric demand for humidity) than on vegetation. Areas of less dense 

vegetation, on the other hand, show greater variation in NDVI according to the season. In the 

case of the Caatinga forest, NDVI is highly influenced by the variation of soil moisture between 

the rainy and dry months, and in the Pinares vegetation the NDVI varies depending on the four 

seasons of the year. It is also possible to observe greater NDVI ETa correlations in the Caatinga 

than in Pinares. This is due to the strong deciduousness that exists in Caatinga vegetation in the 

dry months, causing the NDVI to vary more throughout the year. 
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Figure 9 - Pearson’s correlation (r) between Normalized Difference Vegetation Index (NDVI) 

and actual evapotranspiration (ETa) for each pixel of Caatiga forest (a) and Pinares forest (b) 

images 

 

 

4.3.2 Temporal Stability Index (TSI) of actual ET 

In Figure 10 it may be noticed that the zones of lower and higher TSI are always 

the same in both areas; what changes from season to season is the intensity. The areas with the 

highest TSI are the ones that respond strongest to differences in soil moisture. In the Caatinga 

forest, these are the highest regions with denser vegetation and, consequently, a high capacity 

to expand leaf mass and increase evapotranspiration when soil moisture is higher after a 

precipitation event. High TSI values can also be observed in areas of exposed soil at the edges 

of the study area. There herbaceous vegetation grows during the rainy season, disappears during 

the dry season and leaves the soil bare. According to Tasumi (2019), in bare soils, ET is often 

overestimated, since there the ETa in dry seasons should be near zero. The overestimated 

amount is not negligible when compared to annual precipitation. 
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Figure 10 - Temporal Stability Index (TSI) of ETa for the (a) rainy season and (b) dry season 

of the Caatinga forest, and for the four seasons (c) spring, (d) summer, (e) autumn and (f) winter 

of the Pinares forest 
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The same observations in relation to exposed soil areas can be made in the Pinares 

forest, especially during winter and spring. There, however, unlike in the Caatinga forest, the 

areas with the highest TSI have sparse vegetation, as they produce a more substantial 

herbaceous layer under proper environmental conditions.  

The Caatinga forest presents a greater extension with lower temporal stability than 

the Pinares forest (Figure 10). This is due to the greater variety of species in the Caatinga with 

different transpiration strategies and growth stages throughout the year, as well as to the fact 

that vegetation density throughout the area demonstrates a greater variation. 

 

4.3.3 Climate change and trends in evapotranspiration (ET) 

Evapotranspiration is a very complex process and influenced by many factors as 

precipitation, temperature, radiation, wind speed (YANG et al., 2019), type and stage of 

vegetation. That is why it is important to identify eventual existing trends in variables that 

influence ETa trend interpretations (JAAFAR; AHMAD, 2020). In order to investigate the 

reasons for ETa changes, three basic factors that control ET were calculated for the study period 

(Figure 11 and Table 3): ET0 and temperature indicate the atmospheric demand; whereas 

precipitation, which is an indicator of water availability for evapotranspiration. According to 

Yang et al. (2019), surface moisture, which is affected by precipitation, is the basic material for 

the ETa process and also the main limiting factor in arid and semiarid regions. 
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Figure 11 - Yearly data of the variables used for trend analysis ((a, d) rainfall; (b, e) maximum 

and minimum temperature; and (c, f) potential and actual evapotranspiration, ET0 and ETa, 

respectively) for (a, b, c) Caatinga forest and (d, e, f) Pinares forest. Yearly ETa was calculated 

by multiplying monthly ETfrac (Kc.Ks) and daily Penman-Monteith ET0 

 

 

 

Table 3 - Trend analysis of weather variables and potential and actual evapotranspiration (ET0 

and ETa, respectively). S indicates the trend (negative or positive), Sen’s Slope represents the 

annual increase/decrease of the variable and p-value is the trend significance. *There is a 

significant positive temporal trend at the 5% level 

 
Variable years Mean 𝜏 S Slope p-value 

C
aa

ti
n

g
a Rainfall (mm year-1) 35 582.880 -0.133 -79.000 -2.427 0.268 

Maximum temperature (°C) 35 31.066 0.324 193.000 0.027 0.003* 

Minimum temperature (°C) 35 19.878 0.052 31.000 0.005 0.670 

ET0 (mm year-1) 34 1989.845 0.262 147.000 3.546 0.015* 

 ETa (mm year-1) 34 876.795 0.273 153.000 2.170 0.012* 

P
in

ar
es

 Rainfall (mm year-1) 45 434.056 -0.002 -2.000 -0.065 0.992 

Maximum temperature (°C) 58 17.473 0.315 521.000 0.023 0.000* 

Minimum temperature (°C) 58 5.132 0.308 509.000 0.014 0.000* 

ET0 (mm year-1) 27 1025.388 0.470 165.000 7.084 0.000* 

 ETa (mm year-1) 27 513.400 0.493 173.000 3.925 0.000* 
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When no monthly value of Kc.Ks produced by SEBAL was available, values from 

literature were used to calculate the ETa. In the Caatinga area, maximum temperature, annual 

Penman-Monteith ET0 and annual ETa present a discernible positive trend over the period 1963–

2017. Annual maximum air temperature increased at 0.027 °C per year (which means in 

arithmetic progression 1.5 °C over 55 years). During the study period, in the Caatinga, neither 

annual rainfall (mean 583 mm yr-1) or minimum temperature (mean 20 °C) trends were 

statistically significant (Table 3). The ET0 displays a mean value of 5.5 mm d−1 (total of 1990 

mm yr−1), a minimum of 1298 mm (during the year of 1999, Figure 11a), a maximum of 2466 

mm (in the dry and hot year of 2016, Figure 11 a, b) and an increase of 3.5 mm yr−1, which  

means that it rose by 192.5 mm during the analysed period. ETa showed a significant positive 

trend with annual increase of 2.2 mm (121 mm over the investigated time span). 

In the Pinares forest precipitation has a non-significant negative trend, while all the 

other analysed variables showed a significant positive temporal trend. The maximum 

temperature (17.5 °C) showed a trend of 0.023 °C per year, which supports the results of del 

Río, Fraile, Herrero, and Penas (2007) who worked with a historical series (1961–1997) for the 

Castile and Leon region and assessed a trend of 0.02 °C yr-1 and the results of  Moratiel, Snyder, 

Durán, and Tarquis (2011), for the Duero Valley (historical series of 1980–2009), who found a 

trend of 0.03 ◦C yr−1 for the period. The minimum temperature (5 °C) of the Pinares forest 

showed a trend of 0.014 °C per year; again, del Río, Fraile, Herrero, and Penas (2007) computed 

a very similar result for the same variable: a temporal trend of 0.01 °C yr-1 for the minimum 

temperature in Castile and Leon. ET0 showed a trend of 7.0 mm yr-1 (191 mm for all the period), 

higher than the trend of 10 mm decade-1 found by Vicente-Serrano et al. (2014). The mentioned 

authors used a larger time series for their study (1961-2011). They found a more linear ET0 

pattern until 1990, after that period, coinciding with the years of our historical series, ETa had 

a greater annual increase. That means that we find a greater tendency for an annual increase in 

ETa due to the size of the historical series studied (1992-2018). In the series established for the 

present study, the minimum ET0 was 897 mm (during the wet year of 1997, the rainiest in the 

series, Figure 11d), and the maximum value was 1278 mm in 2017 (the year with the highest 

maximum temperature, Figure 11e). Likewise, the ETa (average 513.4 mm yr-1) presented an 

increasing trend of 3.9 mm yr-1 (106 mm for the period), so that the ETa variation was also 

similar to ET0 throughout the period (Figure 11f). 

In both study areas, the annual ETa was assessed to be superior to annual 

precipitation. The Pinares pine stone forest benefits from the moisture of the water table of the 
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Pisuerga, Duero, Cega and Adaja rivers. In the Caatinga forest, the explanation may stem from 

the fact that part of a reservoir, named Benguê, is within this area and it receives input from a 

larger area (932 km2). Thus, the reservoir evaporation and the maintenance of a higher humidity 

in the surrounding soil could justify an annual ETa greater than precipitation in the area. 

It is interesting to observe that annual ET0 and ETa in Caatinga Forest (10 South 

latitude) are almost twice than in Pinares forest (40 North latitude). This is an important result 

that must be studied in other semiarid environments with different latitudes. 

In order to know whether the historical data series show dependency, we performed 

an autocorrelation analysis, using precipitation and (actual and potential) evapotranspiration 

data. The results indicate that no autocorrelation was found in Caatinga or in Pinares for 5% 

significance. However, both series of evapotranspiration presented statistically significant first-

order autocorrelation (Lag 1): 50% both in Caatinga and Pinares. This means that, for half of 

the year, the evapotranspiration depends on that of the previous year. 

Although annual ETa is higher in the Caatinga than in Pinares, the observed 

temporal increasing rate of evapotranspiration in the Spanish site prevails. Using the rates 

estimated in this research, the Spanish region would have an equivalent ETa of the present-day 

Caatinga by the end of the XXI Century (within approximately 70 to 100 years). This 

extrapolation is engendered with uncertainty, however, the increasing trend of the 

evapotranspiration in the Pinares should be taken seriously, and the Caatinga can be taken as a 

significant hydrological mirror. 

Yang et al. (2019) studied the semiarid zones of South America and also identified 

increasing trend for potential evapotranspiration. However, the authors op cit. estimated a 

decrease in actual evapotranspiration of 3.5 mm.yr-¹. The reason for this trend would be the 

reduction of soil water, which implies that water availability is the limiting fator to ETa. 

According Marengo et al. (2020), until 2100, it is expected an increase of up to two months per 

year in the dry season in the Brazilian Northeastern region. This change may cause a significant 

decrease in the natural vegetation. Besides, the natural vegetation can stay longer without the 

leaves, which also contributes to the decrease of actual transpiration. Contrastingly, the 

increment of ETa in the Spanish area can be caused mainly by the rise of the potential 

evaporation, considering that there the water availability is remarkably higher than in the 

Brazilian site. 

This trend is an indication that Spanish decision makers should analyze other 

semiarid environments in the globe so as to adapt to the consequences for biodiversity and water 

availability, not only in the soil, but also in the reservoirs. Among possible consequences, there 
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is the reduction of regenerative capacity of vegetation, particularly Pinus pinaster 

(VERGARECHEA et al., 2019). 
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4.4 Conclusions 

We noticed in our work that ETa in denser vegetation areas is more dependent on 

meteorological factors (related to atmospheric demand for humidity) than on vegetation. This 

behaviour is common to both forests. The irregular distribution of vegetation density, the 

presence of reservoir water or rivers and pixels of exposed soil from roads and badlands 

influenced the values of maximum and minimum ETa. 

The Caatinga forest showed greater spatial variation of ETa than the Pinares forest. 

The zones of a lower and higher Temporal Stability Index (TSI) of ETa are always the same in 

both areas throughout the year, what changes from season to season is the intensity. The areas 

with the highest TSI are those that respond most to differences in soil moisture. In the Caatinga 

forest these are the highest areas of denser vegetation with their huge capacity to expand leaf 

mass and increase evapotranspiration, when soil moisture rises after precipitation. The Caatinga 

forest presents a greater extension with lower temporal stability than the Pinares forest. 

The results of this work indicate that the actual evapotranspiration of the Spanish 

Pinares zone is increasing more rapidly than in the Caatinga, which can serve as a hydrological 

mirror to the Spanish site. If this trend is confirmed, significant change in soil and reservoirs 

water balance is expected. In the Caatinga, the water availability is the limiting factor to the 

evolution of the actual evapotranspiration. Contrastingly, in Pinares, the evolution of the actual 

evapotranspiration is more severely affected by the augmentation of the potential 

evapotranspiration, considering the higher water availability in the soil.  

Studies like ours could be applied to other similar areas around the world, and to 

other hydrological processes, using one area as a reference, a possible hydrological mirror for 

the other.  
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5 FINAL CONSIDERATIONS 

 

Through this PhD Thesis it was possible to answer the guiding questions presented 

in the introduction. With this, we add to the state-of-the-art important scientific information 

about the water dynamics in the soil-plant-atmosphere continuum. We identified the points of 

humidity in the stem capable of stimulating the emergence of the first leaves in the rainy season. 

We observed in this study the comparative importance of water stored in plants compared to 

water stored in surface reservoirs. We saw the ability of the species studied to perform reverse 

sap flow. We established the concept of a hydrological mirror between distinct forest areas and 

identified trends for increased evapotranspiration in semi-arid forests. 
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