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1. Introduction : Atlantic Brazilian Forest

1.1 Geographic situation
The Atlantic Forest, also known as the Mata Atlantica, is the second largest forest in Brazil, after
the Amazon. Historically, it was the size of a quarter of the Amazon with 1.2 million square
kilometers. It is a tropical rainforest that is located mainly in Brazil, extending through 13 of the
26 states, but is also present in Argentina, Paraguay, and Uruguay. Two of the largest cities in
the world, Sao Paulo and Rio de Janeiro, were built on the Mata Atlantica region, thus inducing
quite significant anthropic pressure on the forest. Figure 1 represents the Atlantic Forest with
the study area, which will be explained in more details in Materials and methods section. The

study area is located nearly Sdo José dos Campos, in S3o Francisco Xavier in the state of Sdo

A

Paulo in Brazil. (Brazil’s Atlantic Forest (Mata Atlantica), s. d.)

Brésil
Etat de Sao Paulo
I Biome de la Forét Atlantique

[] Division par état du domaine
de la Forét Atlantique
I Sao José dos Campos

0 500 1000 km
L I

Figure 1: Map of Brazil showing the extent of the Atlantic Forest (green), the state of Sdo Paulo (light grey),
the city of Sao José dos Campos (red) and the Sdo Francisco Xavier study area (yellow) (Delvoie B., 2023).

1.2 Climate

The Atlantic Forest is characterized by a subtropical humid climate with one dry and one wet
period each year. The dry period is during winter from May to September while the wet period
is in summer from October to April. According to the National Meteorological Institute (INMET),
the annual mean temperature in the state of Sdo Paulo is 20.4 [°C] (1991-2020). Temperatures
are higher during the wet season.

Mean precipitations are 1658 mm/year in Sdo Paulo and the average annual potential
evapotranspiration is 1450 mm/year. (INMET: Météo, s. d.).



1.3 Ecology and vegetation

Although Mata Atlantica is nearly bordered by the Amazon rainforest, it has always been
isolated from its larger, better-known neighbor. This isolation has allowed it to develop unique
ecosystems, which are home to many species that are not found anywhere else on Earth. The
Atlantic Forest is home to approximately 1.000 bird species, 456 amphibian species, 350
freshwater fish species, 300 reptile species and 264 mammal species. In total, 31% of these
species cannot be found elsewhere. Some taxa are more endemic than others: for example,
61% of Mata Atlantica’s amphibians are found only there. The flora includes 23.000 species of
plants, 40% of which are endemic to Mata Atlantica. New species are constantly being
discovered in Mata Atlantica. Between 1990 and 2006 more than a thousand new flowering
plants were discovered. (Brazil’s Atlantic Forest (Mata Atlantica), s. d.)

The different forest types in Mata Atlantica include:

- Mangroves: tropical forests adapted to coastal salt marshes. According to WWF, Mata
Atlantica has four distinct mangrove areas. Mangroves are considered important buffer zones
for tropical storms and breeding grounds for fish farming. They also contain many endemic
species.

- Montane moist forests: high altitude wet forests across the mountains and plateaus of
southern Brazil.

- Coastal Resingas: low forests growing on coastal dunes.

- Atlantic rainforests: also known as “coastal forests”, they are four-layered evergreen
rainforests.

- Semi-deciduous forests: inland forests where trees lose their leaves during the dry season.

- Atlantic Dry forests: this forest is one of the most remote inland forests and forms the border
between the Cerrado and Caatinga scrub. Tropical climate with five months of drought.

- Campo rupestre: high altitude shrub meadows.

(Brazil’s Atlantic Forest (Mata Atlantica), s. d.; What Is the Atlantic Forest and Why Do We Need
to Save It?,s. d.)

1.4 Deforestation of the Mata Atlantica

Globally, temperate forests are recovering from previous deforestation, while tropical forests
are being cut at an alarming rate (Foley et al., 2005; Hougthon, 1994). Deforestation and forest
degradation began 20.000 years ago and continue today (Brown & Brown, 1992). The situation
in Brazil is no exception, where intense forest degradation started more than 500 years ago
(Dean, 1997). The Atlantic Forest was the first biome to be affected, and by the end of the last
century it had virtually disappeared. Between 2001 and 2004, Brazil accounted for more
deforestation annually due to commodities than in the rest of the world. From 2005, this annual
deforestation began to decrease in Brazil and increased in the rest of the world, particularly in
South Asia.
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Figure 2: Comparison of annual commodity-driven deforestation in Brazil and the rest of the world between 2001 and 2015
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No large rainforest ecosystem has suffered as much damage as Mata Atlantica, which currently
exists mainly in small, degraded patches and protected areas. After centuries of deforestation
for wood, sugar cane, coffee, livestock and urban expansion, Mata Atlantica has lost more than
90% of its cover: today, the size of the Mata Atlantica is less than 100.000 square kilometers.
80% of the remaining ecosystem consists of fragments of less than half a square kilometer.
Between 2000 and 2008, 277.763 hectares (2.777 square kilometers) of forest were lost. An
average of 34.720 hectares (347 square kilometers) per year, an annual loss of 0.35 percent.
Figure 3 shows the annual loss of tropical primary forests (intact, mature, and natural tropical
forests that have not been significantly disturbed by human activity) in dark green and the loss
of forest cover (referring to the loss of any type of forest) in light green of the Mata Atlantica
between 2002 and 2019. Overall, we can see that these loss rates gradually increase until
reaching a maximum peak in 2016 of approximately two losses of 18 million hectares. After
2016, annual loss rates are expected to decrease due to conservation measures, which are
discussed in more detail in the next section. The loss of primary tropical forests has increased
over time, meaning that previously intact ecosystems and biodiversity have now been
impacted.
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Figure 3 : Graph showing the Tropical primary forest loss in dark green and the tree cover loss in light green of the Mata Atldntica
for the 2002-2019 period. Source: (Brazil s Atlantic Forest (Mata Atlantica), s. d.)



Current threats to the Mata Atlantica

Only 3 percent of the Mata Atlantica that once bordered the entire Brazilian coast survives (10%
is the percentage remaining in all the countries on which the Mata Atlantica is). The largest
losses occurred in the Brazilian states of Minas Gerais, Santa Catarina, and Bahia where only
9.7,22.4 and 8.4% of the original surface remain (Figure 4). 13.6% of the original Mata Atlantica
remains in Sao Paulo state. (Destruction of Brazil’'s Most Imperiled Rainforest Continues, 2009)
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Figure 4: Extent of Mata Atlantica in Brazil in 2008 based in data from INPE. Deforested surface is represented in red in

square kilometers while 2008 surface cover remaining is in green. (Destruction of Brazils Most Imperiled Rainforest
Continues, 2009)

The destruction of the Mata Atlantica began in the 1500s when the Portuguese arrived on the
Brazilian seacoast. The export of wood began immediately, as did deforestation for livestock
and sugar plantations. The region became the economic heart of Brazil in the 19th century by
producing wood, coffee, beef, sugar, charcoal, and firewood. In the 20th century, eucalyptus
plantations invaded vast forest areas, making Brazil the leading producer of wood pulp.
Although very few remain, Mata Atlantica is no less threatened. As the forest spans four
countries and encompasses a wide variety of forest types, different areas have very different
threats. Forest clearing for agriculture, both industrial and small-scale, remains one of the main
causes of deforestation. In some areas, forests are still cut for wood. (Figure 5)
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Figure 5: Primary drivers of forest cover loss for the period 2001 to 2015.Darker color intensity indicates greater total
quantity of forest cover loss (Classifying Drivers of Global Forest Loss, s. d.)

Despite the few remaining forests, Mata Atlantica remains remarkably rich in biodiversity and
endemic species, many of which are threatened with extinction. Sixty percent of Brazil’s
threatened species are found in Mata Atlantica. Due to several threats and species left in small
declining fragments, a Brazilian ecologist, Antonio Rossano Mendes Pontes, called the species

in Mata Atlantica: 'the living dead'.

1.5 Reforestation and conservation initiatives in the Mata Atlantica

Conservation initiatives

About 23.800 square kilometers of the Atlantic Forest is under protection. This is 23.8 % of the
Mata Atlantica's remaining forest, but less than 2 percent of its historic forest range.

In Brazil there are 224 protected areas in the region, including over 100 state and national
parks. These protected nature reserves include the Iguazu National Park which protects 67.000
hectares (670 square kilometers) of the Argentine region of Mata Atlantica, as well as the
famous lguazu Falls. The park has 422 species of birds, 68 mammals, 38 reptiles and 13
amphibians. There is also Serra dos Orgaos National Park in Brazil, just one hour away from Rio
de Janeiro which covers 11.000 hectares (110 square kilometers). The park is home to
endangered birds such as the Northern Parrot (Amazona vinacea), the Common Finch

(Oryzoborus crassirostris) and the Black-fronted Guan (Pipile jacutinga).

Reforestation initiatives

Concerns about intense deforestation in the Atlantic Forest arose at the beginning of the 19t
century (Dean, 1995) due to a lack of natural resources, agricultural pests and climate change,
such as the city of Rio de Janeiro, which faced a water supply crisis after forest areas were
converted into coffee plantations.

At the same time, the first reforestation project took place in Brazil where thousands of
seedlings of native and exotic species were planted between 1862 and 1892 (Corlett, 1999).



Various reforestation projects have been carried out in the Atlantic Forest since this pioneering
initiative. The objectives of reforestation projects have changed, new techniques have been
developed (Rodrigues et al., 2009). The history of Atlantic Forest reforestation programs can
be divided into 5 phases:

Phase 1:

Until 1982, the first restoration projects mainly concerned the planting of so-called protection
plantations, whose main purpose was the protection of water and soil resources, and which
were carried out by government institutions (KAGEYAMA & Castro, 1989). This phase increased
especially after the 1970s. It was not until the late 1970s that restoration ecology became a
formal research focus, when the first information on tree species functionality and restoration
patterns was obtained (Filho et al., 1982). The ecological processes responsible for preserving
the forest have been largely neglected, and the criteria for species selection have not yet been
established. Therefore, although some projects have resulted in permanent forests (J.c.b,
1977), they have often required long-term maintenance activities (10-15 years) and
significantly increased costs (Rodrigues et al., 2009).

Phase 2:

From 1982 to 1985, planting of native Brazilian species became widespread, although not
always native to the restored area. This phase began with the integration of growing ecological
knowledge about natural forest succession into restoration projects, where species are
selected and distributed according to their ecological groups (Budowski, 1965). But their main
motivation was to restore the forest structure quickly and with lower maintenance costs.
Species knowledge was scarce, so the projects started using a small number of fast-growing
species (up to 30 species) which were densely planted (low biological and functional diversity).
The result was the reconstruction of forest areas at lower costs but usually without any capacity
for self-perpetuation. The pioneer species reached adulthood and died rapidly, leaving little
time and unfertile conditions for the establishment of non-malignant species. This phase also
marked the beginning of large-scale restoration projects, mostly around hydroelectric dams or
water supplies (Rodrigues et al., 2009).

Phase 3:

Between 1985 and 2000, despite the knowledge of some forest processes (e.g., the dynamics
of gaps), much knowledge was still lacking. Reforestation was undertaken by reforestation of
forest plots (Joly et al., 2000). In the late 1980s, projects were carried out using «restoration
recipes» that reproduced the composition and structure of natural forests. Restoration began
to use a greater diversity of species (Vieira & Gandolfi, 2006), and to be considered not only as
a means of protecting ecosystem services, but also as an alternative to the conservation of
biodiversity in situ (KAGEYAMA & Castro, 1989). Unlike the previous phase, many projects
carried out in this phase have resulted in self-sufficiency, at least as regards the forest structure
(Damanesco, 2006; de Souza & Batista, 2004). The introduction of greater functional diversity,
primarily with respect to species ecological groups and longevity, has been an important
change to improve restoration success. However, the lack of availability of seedlings of regional



indigenous species continued to be an obstacle for many projects. Riparian forest formations
have received particular attention (Rodrigues & Gandolfi, 2000) and, for the first time, genetic
issues have begun to be addressed, although they have not yet been applied (KAGEYAMA &
Castro, 1989). (Rodrigues et al., 2009)

Phase 4.

Between 2000 and 2003, this phase saw significant changes in restoration objectives, no longer
aiming to “reproduce” natural forests, which turned out to be an expensive practice. The great
diversity of species, the local flora and the light requirements of the species remained a
concern. The objective was to restore the forest’s basic ecological processes by stimulating and
accelerating natural succession, with the aim of recovering the forest’s ability to sustain itself.
Thus, restoration was now considered a non-deterministic process open to stochastic events
that do not necessarily lead to a single predetermined climax (Pickett et al., 1987; Urbanska et
al., 1997). Disturbances were integrated into the process and phytosociology received little
attention during species selection, which started to be influenced more by the increasing
knowledge on the biology of species (e.g. dispersal syndrome and pollination system). High
diversity (e.g., 80-90 tree species) has been used to restore certain ecological processes (Engel
& Parrotta, 2001; Reis & Xavier, 2003). (Rodrigues et al., 2009)

Phase 5:

Since 2003, this phase includes current effort to adapt to floristic and intraspecific genetic
diversity, which are key factors to maintain and develop any forest system (Lesica & Allendorf,
2002). More care is taken at the origin and collection of seeds if done locally as much as possible
(McKay et al., 2005). In some cases, the seeds are harvested from nearby forests and grown in
local nurseries. Another strategy is to exploit existing genetic diversity through natural
regeneration of already existing soil, such as soil seed banks and/or seedling transplantation
(Rodrigues, 2007a; Rodrigues & Gandolfi, 2000). Maintaining this diversity over time is now
considered in the spatial distribution of species, which attempt to meet their specifications on
pollination and dispersal (Barbosa & Pizo, 2006; Rodrigues, 2007b). However, reproductive
biology data for many native species are largely absent.(Rodrigues et al., 2009)

Massive reforestation movement has recently raised some concerns about the water balance.
If reforestation is not managed properly, it may not be sustainable in the long term. Indeed, soil
water dynamics are strongly affected by land use (Heo et al., 2015; Sertel et al., 2019). Sudden
changes in this occupation can disrupt the water balance. Thus, if the reforestation is too
intense and brutal or if it's done using monocultures, it would be possible to witness a depletion
of water resources. Several studies have shown significant reductions in river flows after
reforestation (Farley et al., 2005; Jackson et al., 2005). Significant water stress would then
threaten the sustainability of this new ecosystem that would eventually collapse. This stress
could also be exacerbated by future climate change.



1.6 Previous work

This Master thesis is in the continuity of Basile Delvoie last year Master thesis which focused on
the impact of reforestation on the equilibrium of water resources in the soil. His Master thesis
was subdivided into 3 objectives which were to first quantify the impact of reforestation on the
hydraulic conductivity of the soil, secondly to quantify the impact of reforestation on
evapotranspiration and on the dynamic of water uptake by plant and finally to quantify the
impact of reforestation on the dynamic of the fluxes for the water table recharge.

He was working on two areas, a young forest of 10 years called R10, and an old forest of 40
years called R40. These areas will be described more in Materials and methods.

At the end of his Master thesis, some uncertainties remained concerning the soil properties of
the soil for the two area, the cultural coefficient K for forest that is not very known and so lead
to some uncertainties too for the evapotranspiration assessment and for the dynamic of the
water uptake by the plants. To respond to these uncertainties, this Master thesis will focus on
evapotranspiration assessments through remote sensing methods and through a mass balance.
This will be made on the two areas R10 and R40 but also on a pasture P and an abandoned area
called cleared area CA that could be closer soils in term of soil properties. This hypothesis will
be addressed by Charlotte Dermauw in her Master thesis during this year 2023-2024.

This thesis is also related to the work done by INPE. Since 2023, Mauro Junior has been working
on the measurement of transpiration, using sap flow measurements, of the tree Pleroma
pulchrum, a species native to the region dominating the old forest strata. This species is
commonly used during reforestation, but according to farmers, it would consume a lot of water
in its juvenile state compared to other native species and could pose a risk to soil water
resources. This fear has stopped reforestation in some areas. The results of his study suggest
that this species does not consume more water than another native species during its juvenile
state and that the high evapotranspiration rates measured are mainly due to the higher density
of trees in the same area. During this year 2024, another study was conducted on soil
macrofauna in this region and the impact on the chemical and physical properties of soil
between R10 and R40. No significant difference in saturated hydraulic conductivity (Ks) was
observed, however, R40 showed a reduction of Ks in deeper layers compared to R10. Several
macrofauna taxa were positively correlated with Ks and soil carbon. The regeneration stage
altered the abundance and diversity of these invertebrates in general (except for earthworms),
and R40 showed high abundance of most taxa. In conclusion, our study highlights the potential
of macrofauna communities as robust indicators of the restoration of soil functions in
regenerating forests in the Atlantic Forest biome. The positive correlations observed between
macrofauna abundance and diversity with soil water infiltration and organic carbon content
highlight the key role of these invertebrates in essential ecosystem functions. (Demetrio et al.,
2024; Monteiro, 2023).



2. State of the art
2.1 Definition of ET

According to the FAQ, evapotranspiration (ET) can be defined as a combination of two separate
processes that occur simultaneously where water is lost through evaporation from the soil
surface and through transpiration from the crop (Allen et al., 1998). The part of the soil from
which the roots absorb water is called the effective root zone. (Bos et al., 2009).

There are different kinds of ET: ETo, ETp and ET-.

ETo is known as reference evapotranspiration and is a climatic parameter that represents the
evapotranspiration of standardized vegetated surface which doesn’t suffer from any water
stress and is independent of the type of crop and the management practices.

ETp is the potential evapotranspiration, referring to the evapotranspiration of well-managed,
large, well-watered, disease-free, and well-fertilized fields that reach full production under
given climatic conditions. It is specific to the soil cover and surface and can be calculated
through the formula from FAO: ET,, = K. X ET, where K. is the cultural coefficient of the crop.
ET. is the actual evapotranspiration; it will be equal to ET, during each growing stage if the crop
is not water stressed. If there is water stress, it will be lower. (Allen et al., 1998; Bos et al., 2009)

2.2 Water cycle in tropical forests

Large signs of changes in precipitation or runoff indicate an intensification of the hydrological
cycle in many parts of the world during the past century (Huntington, 2006). About two-thirds
of global water losses are caused by surface ET (Shukla & Mintz, 1982) and ET accounts for
approximately 60% of the average precipitation globally.

In the tropics, the water cycle is stronger than anywhere else on Earth. Evaporation peaks in
the subtropical ocean trade winds with minimal, while water vapor is transported to lower
latitudes with abundant precipitation, resulting in a very active water cycle (Roca et al., 2010).
Tropical rainforests are among the most important biomes in terms of annual carbon turnover
and evapotranspiration. Although tropical rainforests cover only about 8% of the world’s land
surface (Woodwell & Pecan, 1973), they contain about 40% of biomass (Skole & Tucker, 1993)
and account for about 50% of the biosphere’s annual net primary production (Roy et al., 2001).
ET of these forests has significant impacts on local climate and extratropical atmospheric
circulation patterns (Shukla & Mintz, 1982; Williams et al.,, 1998). Change of ET affect
precipitation, by altering the amount of water vapor transferred from the land to the
atmosphere. ET also have an impact on temperature since a large amount of heat is removed
from the Earth’s surface by evaporation, imposing a direct cooling effect on the Earth. Thus,
increased evaporation reduces near-surface air temperatures and acts as an important
negative biophysical feedback against anthropogenic global warming. (Yang et al., 2020)



2.3 ET in the Atlantic Forest

On a global scale, the average annual total ET varies between 450 and 550 [mm/yr.] (Goss &
Oliver, 2023). However, the amount of total ET varies considerably between regions and
biomes. In Brazil, in deciduous evergreen forests, ET is equals to 1227 + 102 [mm/yr.]. This value
has been increasing since the early 1980s, with a trend of 0.66 + 0.38 [mm/yr?], equivalent to
3.7 £2.1%. These historical ET increases are mainly due to the greening of vegetation (increased
LAI), increased atmospheric evaporation demand (AED) and increased precipitation. Together,
these three factors explain 81% of the annual variation in global average evapotranspiration
during the period 1982-2011. However, the positive trends in ET in Amazonia and eastern Brazil
largely declined between 2001 and 2020, reflecting changes in climatic conditions and likely
widespread deforestation in these regions (Hoang & Kanemoto, 2021; Sterling et al., 2013). In
addition to these variations, ET changes during the year through the change in vegetation
growth with an increase of the ET during the growing season.(Gaertner et al., 2019; Hwang et
al., 2018; Obrist et al., 2003; White et al., 1999; Yang et al., 2020; Young et al., 2022).

Regardless of the deforestation in Brazil, ET is supposed to increase in the future in some
regions due to climate change and the intensification of the hydrological cycle in warmer
climate (Held & Soden, 2006; Huntington, 2006). However, ET will decrease in other regions
due to climate change with the expected decrease in precipitation in these regions (Ranasinghe
et al., 2021) and the decrease of the sensitivity of ET to vegetation greening as emissions
increase (Lu et al., 2021), likely due to greater stomatal closure at higher CO; levels and/or a
non-linear saturation response of ET to LAl (Yang et al., 2020)

2.4 Impact of land cover and land use change on actual ET.

Changes in land use and cover affect ET by changing plant species with different transpiration
rates, radiative transfer in the canopy (Martens et al.,, 2000; Panferov et al.,, 2001) and by
changing topography, albedo, soil texture, etc. of the area. (El Maayar & Chen, 2006; Zeng &
Yoon, 2009).

Nobre et al. (1991), in a study they conducted, found that when the Amazonian tropical forests
were replaced by degraded grass (pasture), a significant increase in the mean surface
temperature (about 2.5°C) and a decrease in the annual evapotranspiration (30% reduction),
precipitation (25% reduction), and runoff (20% reduction) occurred in the region.
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ET for deforested areas

The effects of tropical deforestation resulting in alterations in land surface characteristics are
likely to increase soil and air temperatures, reduce evapotranspiration and increase runoff
(Shukla et al., 1990).

According to Shukla et al. (1990), deforested soils have less capacity to store water, their soil
hydraulic conductivity decreases due to compaction induced by deforestation activities which
reduces water infiltration into the soil (Malmer & Grip, 1990) and less energy is available for
evapotranspiration (as more energy is reflected due to higher albedo). This gradual change in
the land cover will affect the atmosphere by reducing the amount of water that is returned and
the atmospheric dynamic (Werth & Avissar, 2002).

Consequently, the reduction of evapotranspiration leads to a reduction in precipitation and this
decrease in precipitation can impact the flow of rivers according to the scale of deforestation.
On small-scale deforestation, runoff caused by soil stripping is large enough to suppress
precipitation reduction and raise river level, but on large-scale deforestation, reduced
evapotranspiration with precipitation prevails and river flow is reduced (Gentry & Lopez-Parodi,
1980).

However some studies (Martens et al., 2000; Panferov et al., 2001) found an increase in ET
during the land degradation process that would be justified by the change in surface properties
because of human activities that contributed to the increase in soil evaporation that offsets the
evaporative effect of defoliation. Evaporation increases also due to increased absorption of
solar radiation as leaves and branches have been removed during land degradation, exposing
previously shaded soil to vegetation, increasing soil evaporation. (Gong et al., 2017)

ET after pasture conversion

During the pasture conversion process, evapotranspiration increased significantly due to grass
restoration. Since transpiration increases with the greening of the vegetation, the regrowth of
grass would improve transpiration for plants fed with sufficient soil water (Li et al., 2009; Ming-
yuan, 2002; Qiu et al., 2011; Sun et al,, 2006; Wu, 2006; Yang et al., 2014). However, the increase
in vegetation cover reduces the radiation absorbed by the soil and thus the evaporation of the
soil. But the transpiration rates are high, if the affected areas remain grasslands in the coming
years, groundwater levels may drop as consumption increases, gradually weakening the
groundwater status for grass growth (Gong et al., 2017)
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ET for forests/reforested areas

In general, forests have higher above-ground biomass and deeper roots, so they tend to use
more water (Matyas & Sun, 2014). In addition, the depth of water intake varies according to
the vegetation. For example, isotopic studies in the eastern Brazilian Amazon showed that
pasture took water only from the surface, while trees and lianas in tropical forests took it
deeper, and deeper for trees than for lianas (Moreira et al., 2000). This depth also varies
according to the seasons and increases during the dry season (Fritzsche et al., 2006).

These differences in water intake depth affect evapotranspiration. Trees, by drawing water
from deep water, can better withstand droughts by continuing their evapotranspiration thanks
to deep water reserves and/ or easy access to groundwater. Therefore, forests have higher
evapotranspiration than other land cover types for several reasons: lower albedo, higher
aerodynamic roughness, large leaf area, and deeper root systems (Giambelluca, 2002). In
addition, the impact on evapotranspiration is influenced by species and forest age. For
example, fast-growing species and older forests result in higher evapotranspiration (Téth et al.,
2014). Reforestation helps to restore soil properties affected by deforestation, but the
dynamics of this restoration are crucial for the evolution of soil water balance. If
evapotranspiration increases rapidly with reforestation, this can lead to a decrease in water
reserve and groundwater levels, resulting in water stress (Peng et al., 2016).

Studies that quantify the effect of land cover and land use change on actual ET

Some studies already tried to understand the dynamic of the variation of ET due to land cover

changes.

de Oliveira et al. (2018) made a study in Eastern Amazon where they tried to quantify the
difference in ET for a forested and deforested areas. They found that during the wet season, ET
values were quite similar for the forested and deforested area. But a decrease of the value of
ET for the deforested area from 125mm/month in April (Wet season) to 50mm/month, two
months later, in June (dry season) has been observed while there was nearly no change for the
forested area for which the biggest difference observed between dry and wet season was 30mm
between two months. The minimum ET in the deforested areas was lower than that in forested
areas, and the amplitude between maximum and minimum was higher in the deforested areas.
Elements of vegetation and soil can explain the variability in ET between the areas. The plants
in deforested areas have shallow roots, so their access is limited to the water available in the
upper layers of the soil. By contrast, forest trees can access the water table in the deeper regions
of the soil, maintaining an optimum water balance and thereby avoiding a decrease in ET in the
drier months or even resulting in an increase in ET in this period because of ideal atmospheric
conditions (Fan & Miguez-Macho, 2010; Harper et al., 2014; Juérez et al., 2007; Williams et al.,

1998).
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The land use also changes the soil structure and the availability of water for plants. In soils
whose original forest cover was exchanged for pasture, the amount of macropores and the
water storage capacity decrease, whereas the surface and subsurface flow increases
(de Moraes et al., 2006). This structure allows less water to be stored and to become available
for ET, contributing to the water balance results. The compaction of pasture soil due to animal
and machinery trampling can produce a considerable change and increase the surface runoff.
Less water is stored in the soil, as it becomes more compact and less water can percolate
through its structure(Chen et al., 2014; Gholami, 2013; Gholzom & Gholami, 2012; Santos &
Augustin, 2015).

Soil characteristics may also play an important role even if vegetation type and root system
depth are the primary factors responsible for these results. The soils’ texture plays an important
role, as this characteristic can drastically alter infiltration rate and storage capability (Saxton et
al., 1986; Saxton & Rawls, 2006). In sandy soil, water can infiltrate faster than on a clayey soil
(El Maayar & Chen, 2006; Mathias et al., 2015). In addition, as a clayey soil can become
saturated more easily than sandy soil, the surface runoff will be greater on the clayey one.

Another study conducted in the upper reaches of the Xingu River in central Brazil attempted to
simulate evapotranspiration rates based on different land cover: rainforest, pasture, and
savannah. Evapotranspiration in tropical forest was measured at 1025mm/year while in savanna
it was 1010 mm/year. These rates of evapotranspiration are quite close to estimates from other
studies (Costa et al., 2010; Giambelluca et al., 2009; Oliveira et al., 2005; Vourlitis et al., 2002,
2008). It was therefore concluded that evapotranspiration was similar in forest and savannah
watersheds. This is consistent with previous research, which suggests that transient tropical
forests and savannahs may have similar evapotranspiration if surface soil water availability is
sufficient. For grazing, the estimate was lower than estimates from other publications, at 567
mm/year, while the literature gives a range of 822 to 982 mm/year. (Lathuilliére et al., 2012;
Priante-Filho et al., 2004). Simulated evapotranspiration in pasture was approximately 39%
lower than in natural rainforest and savannah ecosystems. This is comparable to
evapotranspiration reductions observed of about 36% after deforestation and grazing in an area
of Maranhdo State (Dias et al., 2015; Oliveira et al., 2014).

In conclusion, changes in land use and land cover have a significant impact on
evapotranspiration (ET). Deforestation generally results in a reduction in ET due to reduced
forest cover, resulting in an increase in albedo and a decrease in energy available for
evapotranspiration. In addition, soil in deforested areas often becomes compacted due to the
trampling of machinery and animals, which decreases its hydraulic conductivity and reduces
water infiltration. Therefore, less water is available for ET, and more is lost as runoff. This
change in soil surface characteristics not only increases soil and air temperature, but also
disrupts the water cycle, reducing precipitation and river flow in the long run. In contrast,
conversion to pasture after deforestation initially increases ET due to the restoration of grass
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that has a higher transpiration rate. Pasture tends to green quickly, which increases
transpiration if there is enough water in the soil. However, this increase in vegetation cover
reduces the radiation absorbed by the soil, thus reducing soil evaporation. Over time, if pasture
remain and groundwater levels decrease due to increased water consumption, the ET could
decrease again, which would weaken the water condition for grass growth. Reforestation
typically results in higher ET than other land cover types due to several factors. Forests have
higher aerial biomass, deeper root systems, lower albedo, higher aerodynamic roughness, and
larger leaf areas. Some of these features allow forests to draw water from deeper soil layers,
maintaining higher ET even during dry seasons. Restoration of soil properties after
reforestation helps to rebuild water storage capacity and soil macropore structure, allowing
better water infiltration and availability for plant use. However, if reforestation causes a rapid
increase in ET, it can deplete water supplies and lower groundwater levels, which could cause
water stress.

2.5 Remote sensing technology to assess evapotranspiration.

Remote sensing technology is recognized as the only viable means to map regional- and meso-
scale patterns of ET on the Earth's surface in a globally consistent and economically feasible
manner and surface temperature helps to establish the direct link between surface radiances
and the components of surface energy balance (Allen et al., 1998). Remote sensing technology

|II

has several marked advantages over conventional “point” measurements:

- it can provide large and continuous spatial coverage within a few minutes.

- it costs less when the same spatial information is required.

- it is particularly practical for ungauged areas where man-made measurements are
difficult to conduct or unavailable (RANGO, 1994). Remotely sensed surface
temperature can provide a measure of surface temperature from a resolution of a few
cm? from a hand-held thermometer to about several km? from certain satellites.(Li et
al., 2009).

The majority of remote sensing models that estimate actual ET do so through the estimation of
land surface energy fluxes. This requires both knowledge of the state of vegetation (e.g. LAl or
fraction of green vegetation) and of land surface temperature (LST) which acts as one of the
model boundaries. Therefore, remote sensing observations using both visible/near-infrared and
thermal infrared sensors serve as an important source of input data for such models.

There are different ET datasets utilizing remote sensing observations but none of them fully
satisfies the need for an accurate, operational, and field-scale flux estimates.

Moderate Resolution Imaging Spectroradiometer (MODIS)

MODIS Global Evapotranspiration Project (MOD16) is one of the widely available datasets
suitable for regional and/or scientific applications (with an 8-day temporal and 500m spatial

14



resolution)(ESA, 2020). It’s an instrument onboard NASA’s Terra and Aqua satellites (Justice et
al., 2002) that provides detailed information on vegetation and surface energy to estimate
evapotranspiration on a regional and global scale in near real-time (Los et al., 2000). It works by
measuring the reflectance of light emitted by the Earth in different spectral bands recorded by
sensors, ranging from visible to thermal infrared. Each band corresponds to a specific range of
wavelengths. It captures images of the Earth by scanning the surface in transverse bands and
offers moderate spatial resolution. The raw data collected are processed to correct
atmospheric, geometric, and radiometric effects. This allows accurate measurements of the
reflectance of the Earth’s surface. A first algorithm (2007) was created but as then being
improved in different ways with a simplification of the calculation to assess vegetation cover
fraction, a sum of the daytime and nighttime components to provide a more comprehensive
assessment of evapotranspiration processes, a calculation of soil heat flux to better understand
the energy balance and water exchange at the land surface. The new algorithm (2011) is also
capable of distinguishing dry and wet canopy surfaces, allowing for a more detailed assessment
of canopy water loss through evaporation and transpiration (Mu et al., 2011). The flowchart of
the new algorithm is visible on Figure 6.
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surface evaparation
Land cover;
LAY Plant |
bry S Evapotranspiration
- canapy 124
RIS, T "l surface Transpiration
air temperature,
humidity | Net radiation
to the plant [ *
Canopy
> Conductance
Evapotranspiration
(ET)
alar
*l Scala
Net radiation [ Moisture soit L Paotential soit X Actual soif
tor the ‘soil surface evaporation evaporation
Soit A
Evaporation
A
— Wet soit Potential soil j’
/ Radiation, Soil heat flux surface evaporation
air temperature

Legend for the evapotranspiration(ET) flowchart

8-day, 16-day Daily Daily 8-day, monthly, annual

Remote Sensing inputs Meteorological inputs Intermediate algorithm calculations Final algorithm output

Figure 6: Flowchart of the improved MODIS Evapotranspiration (ET) algorithm (Mu et al., 2011)

The results obtained by this algorithm have been compared with ET measurement based on
fluxes tower and a correlation coefficient of 0.86 was measured (Friedl et al., 2002). This
coefficient is higher than the one based on the older algorithm which was 0.83.

15




Sentinels for evapotranspiration (SEN-ET)

The recent launches of the Sentinel-2A, Sentinel-2B and Sentinel-3A satellites (and upcoming
launch of Sentinel-3B) present new opportunities for accurate and operational modelling of
actual ET using of remote sensing data. The Sentinel satellites were designed to serve the
operational needs of diverse user communities and fields of application. In the field of
agriculture this aim is already partially realized with ESA projects such as "Sentinel-2 for
Agriculture" providing a system which utilizes high spatial and temporal resolution optical data
from Sentinel-2 satellites (and Landsat-8) for estimating growing area extent for main crop types
as well as crop status from temporal evolution of Leaf Area Index (LAI) over a growing season.
Time-series of Sentinel-1 Synthetic Aperture Radar observations have also been used to
operationally map rice crop evolution or to discriminate between different crop types. The
Sentinel-3 satellite has added the capacity of acquiring thermal observations to the existing
suite of Sentinels' capabilities. This should allow for operational modelling of ET and of other
land surface energy fluxes. However, for many agricultural applications the resolution of the
modelled fluxes should be smaller than the typical field size. In the European Union agricultural
context, where the Agricultural Census 2010 reported that the average farm size was 14.2
hectares and that 6 million farms were smaller than 2 hectares, this requires model outputs
with a pixel size on the order of tens of meters. This is not possible when using Sentinel-3 alone
(Sentinel-3 thermal sensor SLSTR has a spatial resolution of 1000 m) but might be achievable if
synergies between Sentinel-3 and Sentinel-2 are utilized. The Multi Spectral Instrument (MSI)
on board Sentinel-2, with its high spatial resolution (up to 10 m) and red-edge spectral bands,
could allow for the disaggregation of ET model inputs and/or outputs to higher spatial
resolution. By utilizing the synergies between the sensors of those two satellites it might be
possible to derive accurate flux estimates at high spatial resolution (ESA, 2020).
Evapotranspiration is estimated from the latent heat flux LE by a conversion into instantaneous
quantity of evaporated water (in mm/second) divided by the latent heat of vaporization. This
can then be converted into daily evapotranspiration in mm/day by multiplying by the ratio of
instantaneous to average daily solar irradiance. SEN-ET will be used in this thesis, it is explained
in more detail in the Materials and methods (4.5.2) (ESA, 2020).

The uncertainties related to its use were evaluated at the turbulent heat flux (sensitive and
latent) measured at validation sites. These were estimated at 20-30%. Furthermore, based on
the validation of the SEN-ET model at 11 sites covering a range of land use and climate
conditions, the expected relative square error (rRMSE) for the sensitive thermal flux (H) is about
0.45 and the correlation (r) about 0.67. For grasslands, these values improve at a rRMSE of 0.37
and a correlation of 0.79. Based on the same validation set used for H, the expected rRMSE for
LE is about 0.46 and r of 0.76 with the best performance obtained in cropland (herbaceous and
woody) where rRMSE was 0.32 and r of 0.75 (ESA, 2020).
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3. Objectives

The impact of reforestation on water resources depends on previous results on the alteration
of transpiration with land cover. Previous results have shown that there were many
uncertainties regarding the evapotranspiration measurement in the study area (Delvoie, 2023).
To resolve this uncertainty, the main objective of this Master’s thesis is to answer the following
guestion:

What is the impact of reforestation on evapotranspiration? How can we better
assess evapotranspiration in the Atlantic Brazilian Forest?

To answer question, two estimates of evapotranspiration will be used in this Master thesis:

1) Mass balance equation. The mass balance will be assessed based on the following fluxes:
Water stock variation (AS), precipitation (P), drainage (D) and capillary rise (CR) to
estimate actual evapotranspiration (ETa)

2) SEN-ET remote sensing method. SEN-ET will provide actual evapotranspiration ET, with
a spatial resolution of 20m and a temporal resolution of 10 days.

These two methods will be compared with a reference evapotranspiration ETg using weather
station measurements to first, understand the periodicity and the variability of
evapotranspiration in the study area based on the ETo. Then the two methods will be compared
to identify the possible differences and errors in terms of estimation of evapotranspiration. The
final objective will be to compare evapotranspiration between the different study plots to
answer the following question:

Does a regenerating forest transpire more than an older forest? Could it have
an impact on soil water resources?
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4. Materials and methods
4.1 Description of the area under study

4.1.1 Region

This study focuses on the Atlantic Forest region (Figure 7a), which has experienced intense
deforestation in the last decades. The climate is subtropical humid with dry winter, from May
to September, and a hot summer, from October to April. The mean precipitation is 1900 mm
(IMNET).

The map below (Figure 7b) illustrates the land cover of a region of the Brazilian Atlantic Forest
in 2017 and shows the different proportions of land cover and which are dominant. In yellow,
most of the land is given over to agriculture and grassland. In dark green are areas where forests
are growing naturally, and in khaki are areas where new forests are being planted (Wagner et
al., 2020).
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Figure 7 : Maps from the research article "Mapping Atlantic rainforest degradation and regeneration history with indicator
species using convolutional network" (Wagner et al., 2020). Map (a) shows the geographical location of the Brazilian Atlantic
Forest. Map (b) illustrates the different land covers of one part of the Brazilian Atlantic Forest in 2017, taken from the
MapBiomas project.

INPE (Brazilian National Institute for Space Research) has set up a research project in this region
where different contrasted plots have been defined and equipped with sensors. This data set
was collected at the Sdo Francisco Xavier Ecohydrological Experimental Station (EES-SFX).
Located at around 1100 m above mean sea level. EES-SFX is the experimental branch of the
INPE’s Laboratory of Isotopic Ecohydrology (LabEcoh).
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4.1.2 Experimental plots

EES-SFX comprises 4 distinct plots nestled in the historical landscape of the Atlantic Forest,
situated within the protected confines of APA-S3o Francisco Xavier. These plots are situated on
a privately owned estate within the S3o José dos Campos district of Sdo Francisco Xavier, in Sdo
Paulo state.

After intense occupation of the Atlantic Forest in the early twentieth century, the areas of these
plots, initially deforested, were subjected to different types of use and occupation. Area R40
comprises a mature forest, regenerated in a coffee plantation area over 40 years ago. Located
on a hilltop with a slope of about 15 degrees, this plot is now located in a more intensive
protection zone called the Alto do Deco Private Natural Protection Reserve (RPPN) (Figure 8a).
Area R10 is situated in a riparian area, predominantly flat (~5 degrees of slope), which has
undergone a reforestation process for over 10 years (Figure 8b). The CA (cleared area) area is
located on the same slope as R40 (also with a slope of ~15 degrees), but outside the boundary
of the Alto do Deco RPPN. This area was not reforested, but grazing activities were less intense
than in the lower areas. Today, this area is predominantly occupied by shrubs and grasses, with
tall trees scattered sparsely (Figure 8c). Finally, the P (pasture) area comprises a pasture area
situated on a slope of ~10 degrees, still used for grazing and covered by grass (brachiaria)
(Figure 8d).

Table 1: Different characteristics of the areas P, CA, R10 and R40: Surface, slope, state of vegetation and status

Parcel Surface of the area m? | Slope State of vegetation Status

p 80 10° Pasture Not protected
CA 100 15° Cleared area covered with bushes | Not protected
R10 450 5° Young forest of 10 yrs Riparian area
R40 370 15° Old forest of 40 yrs Protected

These four areas can be seen on these following pictures, taken by Charlotte Dermauw when
she was in Brazil:

Figure 8:Pictures of the four study areas to illustrate the different landscapes and stages of reforestation. These are placed in order of reforestation
stage, with R40, R10, CA and finally P corresponding to pictures a, b, c and d (Figures authored by Charlotte Dermauw, in 2023).
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4.1.3 Climatic Data

Weather data were collected from January 2019 to August 2023 using a HOBO meteorological
station, model U30 equipped with a rain gauge S-RGF-M002 and ATMOS 41. These stations
were installed at Sdo Francisco Xavier, in the study area and covered different periods. HOBO
took measurements from January 2019 to January 2022 while ATMOS was implemented in
January 2023 and the data available for this master thesis are until August 2023. A rain gauge
ECRN-100 was used between July 2022 and January 2023. The data provided by these weather
stations are hourly:

rainfall [mm],

- temperature [°C],

- dew point temperatures [°C],
- relative humidity [%],

- wind speed [m/s],

- gust speed [m/s],

- cloud height [m],

- solar radiation [W/m2]

pressure [mbar].

All these data were used to assess reference evapotranspiration ETo as explained in 4.5. For
periods in which no data were available (i.e. January to July 2022), rainfall data were obtained
from an INMET (acronym in Portuguese for National Institute of Meteorology) station, located
in the municipality of Monte Verde, at around 60 km northwest from our study area. The data
from this station are aligned with another time network, no doubt enabling INMET to
standardize their data across the whole of Brazil, and therefore had to be brought forward by
4 hours. Subsequently, from July 01, 2022, to January 08, 2023, rainfall was measured using a
rain gauge, model ECRN-100 (METER Group).

Figure 9: ATMOS meteorological station, SGo Francisco Xavier
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Daily precipitation can be seen on Figure 10 where precipitation during the dry period are
represented in yellow while precipitation during the wet period are represented in blue.
Amount of precipitation from 2019 to 2023
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Figure 10: Daily precipitation measured at INPE in mm per day. The data available during the dry season are represented in
yellow and the data available during the wet period are represented in blue. The time cover is from January 2019 to August
2023. The grey rectangle represents the moments where there are no meteorological data available except rainfall measured
by the rain gauge (July 2022 to January 2023).

4.2 Water content and water potential time series

4.1.4 Data Acquisition

Soil water potential (h) and volumetric water content (8) were monitored in the 4 plots at 7
different depths: 0.1,0.2,0.3,0.5, 1, 1.5 and 2 m-depth using MPS-6 sensors from METER group
for h while GS1 capacitance sensors (Meter Group) were used for volumetric water content 0.
The sensors’ measurements were automatically recorded in datalogger models Em50 or ZL6
(ZL6, 2021) at user-defined intervals. Eventually, defective sensors were substituted by the
same sensor model when available, or similar models, such as the TEROS 10 model for the GS1
water content sensor and TEROS 21 for the MPS-6 matric potential sensor, from the same
manufacturer (TEROS 10 - Meter Group, s. d.; TEROS 21, 2021). It is important to mention that
the sensors have not been calibrated by INPE and that those used to measure water potential,
TEROS 10, sometimes take longer to react than TEROS 21 sensors used to measure water
content. This discrepancy is visible on several retention curves shown (Appendix 3). Installation
of the sensors took place in different years for each plot, as presented on Table 2 representing
all the data used for this thesis.
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Table 2 : Periods of measurements studied for the 4 areas, the old forest of 40 years (R40), the young forest of 10 years (R10),
the cleared area (CA) and the pasture (P) for Oand h.

Area Beginning of the measurements End of the measurements
R40 20/02/19 15/08/23
R10 12/02/19 04/08/23
CA 02/06/21 15/08/23
Pasture | 16/07/21 15/08/23

4.1.5 Data filtering

Data treatment of the data has been done on R Studio.

First, 8 and h were not recorded at the same timescale during the period of measurements.
Most of the time, the values were available every hour, but for a short period, they were
available every 15 minutes, but not at the same time, depending on the depth and the study
area. For the sake of consistency, an hourly average was calculated.

Next, 8 values at each depth were treated as follow:

- If two consecutive values had a difference of more than 0.05cm¥cm¥hour in the

measurement, the second value was disregarded and replaced by a NA (No

available).

- A normal distribution was drawn for each depth, allowing values outside the 5%

confidence interval on either side of the distribution to be removed.

For h data, they were treated as follow:

- If two consecutive values had a difference of more than 0.01 of pF between two

consecutive hours, the second value was disregarded and replaced by a NA.

- A normal distribution was also drawn like @ and values outside the 5% confidence

interval on either side of the distribution were removed.

The confidence intervals for each depth and study zone are shown in Table 3 and the normal

distributions are shown in Appendix 1.
Table 3: Intervals of normal distributions of 0 and h for each plot and each depth: 0.1, 0.2, 0.3, 0.5, 1, 1.5 and 2m. A confidence

interval of 5% on each side of the distribution was taken. Any value outside this confidence interval was replaced by NA.

0.1 0.2 0.3 0.5 1 15 2
P 6 [cm3/cm?] | 0.298-0.445 | 0.367-0.441 | 0.313-0.399 | 0.354-0.405 | 0.296-0.358 | 0.311-0.364 | 0.308-0.371
h [pF] 1.995-2.694 | 1.972-2.694 | 2.025-2.457 | 2.087-2.475 | 2.080-2.423 | 2.050-2.861 | 2.054-2.449
CA | 0[cm*/em®] | 0.360-0.462 | 0.372-0.438 | 0.398-0.441 | 0.398-0.438 | 0.337-0.396 | 0.351-0.397 | 0.340-0.364
h [pF] 1.895-2.381 | 1-1 1.977-2.324 | 2.105-2.496 | 2.046-2.275 | 1.999-2.196 | 2.017-2.288
R10 | € [em¥/cm?] | 0.129-0.285 | 0.200-0.382 | 0.257-0.396 | 0.350-0.427 | 0.356-0.403 | 0.245-0.393 | 0.376-0.425
h [pF] 2.013-3.578 | 1.995-3.746 | 2.004-3.771 | 1.962-3.172 | 2.008-2.627 | 1.986-2.449 | 1.927-2.357
R40 | 6 [cm¥/cm?] | 0.225-0.405 | 0.266- 0.433 | 0.287- 0.406 | 0.369- 0.459 | 0.354- 0.447 | 0.309- 0.439 | 0.341- 0.440
h [pF] 2.057-3.780 | 2.025-3.782 | 2.025-3.618 | 2.042-3.368 | 2.042-3.342 | 2.042-3.182 | 2.017-2.778
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As many data are missing initially and after these filtering’s for 8 and h, one method was used
to fill the gaps.

An interpolation between different depths will be performed to assess the correlation between
them and to see if it is possible to estimate a value at one depth based on values available at
other depths. The goal is to see the correlation between different depths in term of spatial and
temporal dimensions to see when and based on which depth could another depth be assessed
and have the better R2,

Unfortunately, there will still be missing data after that.

4.3 Soil properties

28 soil samples were collected from the four plots at seven different depths by the Agronomic
Campinas Institute (IAC) in May 2023. These samples were used to identify the texture based
on a granulometry analysis of the soil. This analysis was carried out by INPE.

The different types of soil identified are shown in Table 4.

Table 4: Main texture of horizons 0.1, 0.2, 0.3, 0.5, 1, 1.5 and 2 for the four study areas, the old-growth forest R40, the reforested
forest of ten years (R10), the cleared area (CA) and the pasture (P). Estimation based on IAC textural triangles.

R40 R10 Cleared area | Pasture

0.1 Clay Sandy clay loam Clay Sandy clay

0.2 Clay Clay Sandy clay Sandy clay

0.3 Clay Sandy clay loam Clay Clay

0.5 Clay Sandy clay loam Clay Clay

1 Clay Sandy clay loam Clay Clay

1.5 Clay Sandy clay loam Clay Clay

2 Clay Sandy clay loam Clay Sandy clay loam

4.3.1 Laboratory

The samples were then subject to evaporation to assess soil hydraulic properties using the
HYPROP system. This system allows one to characterize soil retention and conductivity curves.

The retention curve was assessed using the following multimodal van Genuchten equation:

k

1 ™
=S ] ——
() : 1Wl [1+ (alh])™] quatton
1=
Where S.(h) = Géh:‘gr and m; = —%

With Se: Saturation rate [-]
6: Water content [cm3/cm?3]
h: Water potential [kPa]
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6:: Residual water content [cm3/cm?]

@s: Saturate water content [cm3/cm?]

a: Parameter linked to the inverse of the air entry point [cm™]

n: Parameter linked to the pore size distribution and determining the slope of the curve
[-]

wi: Weighting factor between the two curves i=1 and i=2 [-]
Depending on if the soil is unimodal or bimodal, k is equal to 1 or 2. The conductivity curve

equation is:

shawa [1- (1= )"

2
roawia;

k
K(S,) = KSE(wi Se)" Equation 2
i=1

Where:

- Kis the hydraulic conductivity [cm/j].

- Seis the saturation rate [dimensionless]

- Ksis the hydraulic conductivity at saturation [cm/j].

- T :isaparameter link to the tortuosity, often equals to 0.5 [-].
(Priesack & Durner, 2006)
Ks (or Ksat) was measured by the INPE for plots R10 and R40 and then put as a fix value in
LABROS with the use of the Van Genuchten Mualem relation in order to obtain
a,qy, 0, ,0.:,1n1,n, and w,(Appendix 6). Since no measurements have been recorded for
CA and P, the mean of the measured values for R40 and R10 was used as the Ksat value for P
and CA after validation of the hypothesis by performing a comparison of the measured
conductivity values for the 4 zones. (Appendix 8)

The final Ksat values in cm/h can be found in the table below:

Table 5: Table with the measured Ksat value for R10 and R40, measured by INPE, and the Ksat value of P and CA based on
the mean of the Ksat value of R10 and R40.

Parcels Ksat value at 1.5m [cm/h] Ksat value at 2m [cm/h]
P 33.125 58.8

CA 33.125 58.8

R10 53.25 24

R40 13 93.5

4.3.2 Field soil characteristic

In situ measurements of B-h can be used to retrieve a field retention curve, by plotting pairs
taken at the same depth and time (Appendix 3).

To check the general appearance of the curve, a retention curve obtained from the various
parameters of the Van Genuchten equation will be fitted to the point cloud (van Genuchten,
1980).
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4.4 Mass balance

The first subobjective of this thesis is to assess the evapotranspiration through a mass balance
equation. We defined the hourly mass balance equation over 1.75 m depth as:

AS
0=—"+P—ET, +BF |

mm
B ]

Equation 3
Py quation

Where
[J  AS/At is the variation of the water stock in the soil between 0 and 1.75m [mm/hour],
P is recharge of the soil in water due to precipitations [mm/hour],

ET, is the actual evapotranspiration [mm/hour],

O O 0O

BF represents that Bottom Flux at 1.75m, negative when drainage occurs and positive
for capillary rise[mm/hour].

In the following, we define each term of this equation:

4.4.1 Water Stock

The variation in water stock for the 4 areas studied could be calculated using the following
formula:

S= Z(Pl X 61) [hour] Equation 4
L

Where:

- Piis the width of layer i

- @ is the water content in layer i

- Sis the hourly water stock

The width of the layer is based on the location of the probes.
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Figure 11: Scheme showing the width of the different layers measured
for each depth. The width of the layer is shown in meters.
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4.4.2 Drainage and capillary rise
Drainage or capillary rise g can be calculated based on Darcy equation:

m
q =—-K(h) xVH [?] Equation 5
Where:
K(h) is the vertical soil hydraulic conductivity [m/s] at suction h.

VH is the vertical gradient of total water head , i.e. is the sum of the matrix and
gravitational heads [-] (Neuman, 1977).

The equation uses to calculate VH between 2 and 1,5 m depth is:

_ A_H _ (th - 2) - (hl.Sm - 1;5)
Az (-2+1,5)

where AH is the difference between H; and Hy h is the water potential [cm]. Positive values of

VH

Equation 6

VH (i.e. negative q) mean that there is drainage, while negative VH mean capillary rise.

Soil hydraulic conductivity is function of the soil type and defined in section 4.3.1. K(h) in Eq. 5
is provided by the value of K at the mean h=(ham+h1,5m)/2.

4.5 Evapotranspiration

Different methods have been used to estimate actual evapotranspiration time series.

The Penman-Monteith equation provides potential evapotranspiration (ETo) based on
commonly measured meteorological data such as solar radiation, air temperature, vapor
content or wind speed (Allen et al., 1998). It will be used to understand the variability and
seasonality of evapotranspiration in the study area and to compare with actual and potential
evapotranspiration that will be assessed. Potential ET (ETp) can be calculated by multiplying the
ETo by a cultivation coefficient, K¢, where K. represents the ratio between the potential ET and
ETo.

MODIS provides ET, and ETs and can be used by comparison to PM to provide Kc values. The
value of soil K¢ varies according to the level of water content. (Allen, s. d.)

4.5.1 MODIS (MODerate Resolution Imaging Spectroradiometer)

The MODIS MOD16 (MOD16A2GF.061) global evapotranspiration products can be used to
calculate regional water and energy balance, soil water status; hence, they provide key
information for water resource management. The MOD16 ET datasets are estimated using Mu
et al.'s improved ET algorithm (Mu et al., 2007).

The ET algorithm is based on the Penman-Monteith equation (see Appendix 11) and considers
both the surface energy distribution process and environmental constraints on ET. It uses
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ground-based meteorological observations and remote sensing data from MODIS to estimate
global ET by:

(1) adding vapor pressure deficit and minimum air temperature constraints on stomatal
conductance.

(2) using leaf area index as a scalar to estimate canopy conductance.

(3) replacing the normalized difference vegetation index with the enhanced vegetation index,
which also changes the equation for calculating the fraction of vegetation cover (FC).

(4) adding a soil evaporation calculation to the previously proposed RS-PM method.

With a spatial resolution of 500m and a temporal resolution of 8 days, it was the more precise
available. Two bands of evapotranspiration are available: ET and PET. ET correspond to the total
evapotranspiration and so the actual evapotranspiration while PET corresponds to the potential
evapotranspiration. Based on these two data, the cultural coefficient could be assessed.

The data obtained are given in [Kg/m?/8 days] so to compare the evapotranspiration measured
a unit conversion to [mm/8 days] has been done. The value of the pixel obtained is equal to the
sum of the evapotranspiration over 8 days.

Kg
mZ
ET, Bdays x 1000
ET, = [ mm ] Equation 7
=
Water density [%] 8 days

Where:

- 1000 is used to convert meter into millimeter.

- The water density is equal to 1000 kg/m?.
Since the resolution is very low, the results expected will not be very precise but will help in the
comparison of ET measurements.

4.5.2 SEN-ET (Sentinels for Evapotranspiration)

The aim of SEN-ET, developed by the ESA (European Space Agency), is to estimate real
evapotranspiration at ground level using observations from the Sentinel-2 and Sentinel-3
satellites.

Sentinel-2 provides optical data with high spatial and temporal resolution thanks to the multi-
spectral instrument (MSI) with a high resolution of up to 10m and red-edge spectral bands.
Sentinel-2's MSI optical data is used to characterize the biophysical state of the Earth's surface
at a resolution of 20m. This resolution was chosen because it corresponds to the native
resolution of the MSI bands in the red and short infrared and is also sufficient to capture most
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of the landscape features of interest. MSI data can also be used to refine lower resolution SLSTR
data.

Sentinel-3 provides thermal observations based on the SLSTR sensor and has a lower resolution
of 1 km compared to Sentinel-2. Sentinel-3's SLSTR thermal data are used to establish the lower
boundary condition of the Earth's surface energy model. As the LST data are acquired at a spatial
resolution of around 1 km, they are refined using a machine learning model down to 20 m.
The data acquired by Sentinel-2 and Sentinel-3 do not necessarily have to be on the same
timescale and can be separated by up to 10 days. Energy fluxes at the Earth's surface are always
modeled at the time of the S3 passage. This is because vegetation changes are not as dynamic
as LST changes. However, the smaller the time difference between the two passes, the lower
the risk that abrupt changes in vegetation conditions will introduce errors into the model.

Meteorological data available in the Copernicus Climate Data Store (CDS) are also used. These
are needed to establish the conditions that drive and modulate the transfer of energy between
the surface and the atmosphere. ERA-5 data, a specific CDS product, is used in this case and
provides meteorological data with high spatial and temporal resolution. such as temperature at
2m, dew point temperature at 2m, surface pressure, etc.

In addition to meteorological and Sentinel data, the land cover map is used to define parameters
that are not easily retrievable from optical images, such as vegetation height, and a digital
elevation model is used to adjust the air temperature to the correct elevation.

Four different energy flows modelled at the soil surface (W/m?) can be obtain from SEN-ET:

- Latent heat (LE), which is the energy used during evapotranspiration to convert
water from the liquid to the gaseous phase. Latent heat is obtained via the 3 other
products.

LE =R G—H [W]
n m2
- Sensible heat flux (H), which is the temperature transfer from the surface to the

Equation 8

overlying air, determined by the temperature difference between the surface and
the air and depends on surface and meteorological conditions (roughness, wind
speed, etc.). H is obtained through Sentinel-3 and RAS data.

- Soil heat flux (G), which is the heat transfer from the surface to the deepest layers
of the soil. G is the flux with the greatest uncertainty because of the high spatial
variability of the flux and the mismatch in scale between old measurements and
model outputs. G is obtained through Sentinel-2 data.

- Net radiation (Ry) includes net shortwave radiation (dependent on solar irradiance
and surface albedo) and longwave radiation (dependent on surface and air
temperatures and emissivity). R, is obtained through RA5 and Sentinel-2 data.
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LE can then be converted into daily evapotranspiration (mm/day) by dividing LE by the latent
heat of vaporization and multiplying by the ratio between instantaneous solar irradiation and

LE I mm
ET, = (—) X <—> [—] Equation 9
LH day

average daily solar irradiation.

Where:

- LH, latent heat of vaporization, is the amount of energy required to vaporize a unit
mass of water, generally expressed in joules per kilogram (J/kg) or watts per square
meter (W/m?). Itis a constant that depends on temperature and pressure. The latent
heat of vaporization of water is about 2260 J/kg.

- |, instantaneous solar irradiance, is the solar energy flux incident on a surface per
unit area and time, generally expressed in watts per square meter (W/m?). It
represents the quantity of solar energy received at a given moment.

- lavg, average daily solar irradiance, is the average solar energy flux incident on a
surface over a whole day, also expressed in watts per square meter (W/m?). It
represents the average amount of solar energy received over the course of a given
day.

So far, SEN-ET has only been validated for cultivated areas and never for forests. One of the sub-

objectives of this master's thesis is to use it in forests and see how accurate and precise it is by
comparing it with other evapotranspiration measurements (ESA, 2020).
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5. Results and discussions
5.1 Meteorological data

Based on meteorological data, two fluxes have been assessed: i) Monthly precipitation (blue in
Figure 12) directly measured by the meteorological station at INPE and ii) Monthly reference
evapotranspiration ETo (red in Figure 12) assessed based on the Penman-Monteith equation

(Appendix 11) and the use of the meteorological variables at EES-SFX obtained from the
different meteorological stations. (4.1.3)
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Figure 12: Graphic of measured precipitations (blue) and calculated reference evapotranspiration (red), cumulated for each month
from January 2019 to August 2023. Dry seasons are in yellow.

Figure 12 illustrates the seasonal variability of monthly precipitation and ETg in the study area.
Precipitations and ETp are both higher during the wet period (from October to April) than during

the dry season (from May to September (yellow rectangle)). It can also be seen on Figure 12
that sometimes dry season starts or finish earlier than in theory with for example during year
2020 an early dry season that started one month earlier, in April.

For all the studied years, June is the month with the least precipitation (1.09 mm/day) and ETo

(1.42 mm/day). June 2022 was the lowest of the 4 years with 0.89 mm/day of
evapotranspiration and 0.21 mm/day of precipitation.
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The higher ETgis found in October (3.21 mm/day compared to 5.54 mm/day of precipitation on
average) while higher precipitation occurs in January (9.43 mm/day).

Comparing year to year, we can see that rainfall seems to be increasing in recent years and
especially during the wet season from October 2022 to April 2023 where half of the months
exceeded 400 mm of precipitation per month. However, ETo doesn’t seem to be affected in the
same way. In fact, 2022 was a wet year with nearly 300 mm of precipitation in September, which

is normally quite a dry month.

5.2 Soil data

As explained in Materials and Methods (4.1.5), the initial 8 and h data had to be filtered to
remove outliers. The number of filtered values for @ and h for each area is shown in the

following table:
Table 6:Table showing the total number of initial values, the number of values filtered by the normal distribution (5% confidence
interval) and the number of values filtered by the slope for all 4 study areas for water content 0 and water potential h.

Parcels Total values Outliers removed by the | Outliers removed by the slope
normal distribution
P 0 | 127.645 17.481 0
h |127.680 46.763 484
CA 6 | 113.883 20.865 0
h | 124.152 20.677 0
R10 6 | 224.308 82.062 0
h |241.710 44.707 9.849
R40 6 | 254.870 68.097 2.060
h |219.604 104.267 5.905

Filtering through the normal distribution removed most values from plot R40 for h and plot R10
for 8. The removal of outliers via the slope was especially useful for h of plot R10 and for 8 and
h of plot R40. It can be deduced that most outliers, evaluated based on the precise criteria of
this thesis, were present in plots R10 and R40. Retention curves with these field data have been
made and are visible in Appendix 3. The next two sub-points will present the 8 and h data after

these filters for the four study areas.

5.2.1 Water content

The final 8 data after filtering is presented in Figure 13 for each of the four areas under study.
These graphs highlight the variation of 8 within the same area according to the depth of the soil
and to visualize the seasonality of 8 in the soil. They also allow for the comparison of 8 between
the four study areas and to deduce certain behaviors, certain trends.
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Within the same study area, the different 8 values vary according to depth. For the R10 and R40
areas, 0 in the soil tends to increase with depth, with 8 at 2m depth is often the highest.
However, the depths of 0.3 and 1.5 stand out from the others, 0.3m being much wetter and
1.5m being much drier than their surrounding layers. For these two areas, a very pronounced
seasonality is visible, with much lower 8 values during the dry seasons (from May to
September). The seasonality of these zones could be described as highly dynamic, and this
dynamic is probably linked to the consumption of water for evapotranspiration and a significant
amount of water withdrawn from the roots of the trees. These high rates of water uptake occur
during the dry period while ET is the lowest. This seasonality and variation are especially visible
for R40, which is the study area where the most data are available. And in general, the greatest
variations in @ occur near the surface (at depths 0.1, 0.2 and 0.5m)

For plots P and CA, which are not covered by forests, the seasonality of 8 is much lower and
therefore the dynamics are less pronounced. 8 value at most depths varies by about 10% for
CA and 20% maximum for P where it varies between 40% and 50% for some depths of R10 and
R40 (the depths closest to the surface). These small variations could be related to the fact that
CA and P are probably areas saturated with water continuously and less evapotranspiration
rates. However, since very few data are available, it is difficult to draw conclusions. As for the
variation of 8 as a function of depth, the depths of soil closest to the surface are richest in water
content, and 8 gradually decreases as it goes deeper into the soil.

By comparing the 4 zones, it can be deduced that plot R10 is the most dynamic plot in terms of
variation of 8 in the soil, especially since R10 is a riparian zone. These large variations could be
explained by the presence of many roots and macropores that would induce a saturation of the
soil, in the dry season, as soon as it rains. For P and CA, it would be better to have more data
available to confirm some hypotheses since sensors have only been placed in June 2021, one
year and a half after the sensors for R10 and R40.
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Figure 13: Evolution of water content measurements (cm3/cm3) over time for each depth from January 2019 to August 2023 for a. Pasture (P),
b. Cleared area (CA), c. The young forest of 10 years (R10) and d. The old forest of 40 years (R40) (hourly data after filtering and outliers’
removal). Depths are represented as follow: 2m in red, 1.5m in blue, 1m in green, 0.5m in orange, 0.3m in purple, 0.2m in brown and 0.1m in

5.2.2 Water potential

The final h time series after filtering is presented in Figure 14 for each of the four area under
study. These graphs highlight the variation of h within the same area according to the depth of
the soil and the seasonality of the water potential in the soil. They also allow for the comparison
of h between the four study areas and the deduction of certain behaviors and trends. An
important point to note is that for each of the studied area, the h data seems to be limited to
pF2 due to the limitation of the sensors (TEROS 21, 2021). This means that the wettest states
of the soil were not able to be measured and analyzed in this report.
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Figure 14: Evolution of water potential measurements (pF) over time for each depth from January 2019 to August 2023 for a. Pasture (P), b. Cleared area
(CA), c. The young forest of 10 years (R10) and d. The old forest of 40 years (R40) (hourly data after filtering and outliers’removal). Depths are
represented as follow: 2m in red, 1.5m in blue, 1m in green, 0.5m in orange, 0.3m in purple, 0.2m in brown and 0.1m in grey.

For areas R10 and R40, the variations in h are greater at shallow depths and decrease with
depth. The variation in water potential is very pronounced in the dry season, with continuous
peaks ranging from pF 2 to pF 3-4 are visible. A significant drying at the depth of 2m is visible
mainly for R40 during the year 2022. However, for R10 this drying is weaker, which can be
explained by the fact that R10 is a riparian area. The depth of the water table in this area may
be responsible for the increase in moisture conditions at the higher depths. Similarly to what
happened with the water content of the soil, the seasonality in water potential is much less
visible for the P and CA areas. This could also confirm the hypothesis that these two areas tend
to maintain the soil moisture throughout the year, but since there is very few data available, it
is quite difficult to draw conclusions and see a tendency. The shape of h raw data for CA and P
is quite surprising and abnormal due to the saturation at pF2 of the sensors. Large falls are
visible just after June 2021 for these two areas, that could be related to the installation of
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sensors and the time required for them to be effective. It is important to note that not all h or
6 sensors were calibrated at or after installation. These jumps in h values could also be related
to a change in soil structure when installing sensors at different depths and the time it takes for
the soil to recover after installing the sensors.

5.2.3 Interpolations to fill the gaps.

To fill the many gaps in the initial data and after filtering, one method was considered (4.1.5).
This filling of the gaps was done for the data 6, which are used to estimate the water stock in
the soil and its variation, to have the most stock values available.

The method for filling the gaps is based on estimating the value of 8 at one depth (missing value)
based on the value of 8 available at another depth. To perform this interpolation, it was first
necessary to establish the correlation between one or more depths (spatial correlation) and the
time t at which the correlation is highest (temporal correlation).

For this, various combinations of depths and time (from 1 to 10 hours before/after) have been
combined and are included in Table 7 and Table 8 with correlations from one and two depths.
The data used for interpolation are the water content data measured from 2021 to 2023, a
period common to all zones and correlations were tested over different durations taking first
one month in the dry season and one month in the wet season, a full dry season, and a full wet
season and two full years to see if correlations could be higher depending on seasonality. After
testing all the combinations, better correlation coefficients were obtained by taking the
complete data of the two years.

Table 7: Table showing all the depths and measurement times that have been tested to find the best correlation from one depth
so that interpolations can be made for 6.

Depth predicted Depth use to predict | Values of t tested
0.2 (t0) 0.1 From to to t.1o
0.2 (t0) 0.3 From to to t+10
0.5 (t0) 0.3 From to to t.1o
1 (t0) 0.5 From to to t.1o
1.5 (t0) 1 From to to t-10
2 (t0) 1.5 From to to t-1o

Table 8: Table showing all the depths and measurement times that have been tested to find the best correlation from two depths
so that interpolations can be made for 0.

Depth predicted | 1% depth used to predict | Values of t tested | 2"¢ depth used to predict | Values of t tested
0.2 (t0) 0.1 From to to t-10 0.3 From to to ts1o
0.3 0.2 From to to t1o 0.5 From to to tsio0
0.5 0.3 From to to t1o 1 From to to tsio0
1 0.5 From to to t1o 1.5 From to to tsio0
1.5 1 From to to t1o 2 From to to tsio0

35




The best possible combinations of depths and time, taking the years of data measured from
2021 to 2023 were retained for each of the 4 zones and are included in Table 9Table 10Table
11 Table 12 also showing the correlation coefficient values obtained from R2, the Root Mean

Square Error RMSE and the equation that was used to estimate the missing depth values.

Table 9: Table with the depths used to interpolate O, the R2 and the RMSE associated to the interpolations and the equation

used for R10.

Depth | Depth used | Depth used | R2 RMSE Equation for interpolation
to predict to predict

0.1 0.2 / 0.855 | +/-0.036 cm3/cm? | = (602 + 0.004)/1.507

0.2 0.1 0.3 0.889 | +/-0.032cm3/cm3 | =0.74 * 0o1 + 0.26*003

0.3 0.2 0.5 0.833 | +/-0.037cm3/cm3 | = 0.6 * B2 + 0.4%0¢s

0.5 0.3 / 0.634 | +/-0.044 cm3/cm3 | = 0.455 * fo3 + 0.248

1 0.5 1.5 0.016 | +/-0.25cm3/cm3 | =0*0gs + 1*015

1.5 1 2 0.650 | +/-0.043 cm3/cm3 | =0.38%01+ 0.62*6>

2 1.5 / 0.646 | +/-0.043cm3/cm3 | =0.278 * 15+ 0.319

Table 10: Table with the depths used to interpolate U, the R2 and the RMSE associated to the interpolations and the equation

used for R40.

Depth Depth used | Depth used | R2 RMSE Equation for interpolation
to predict to predict

0.1 0.2 / 0.566 | +/-0.052 cm3/cm?® | =(00,—-0.177)/ 0.578

0.2 0.1 / 0.566 | +/-0.052 cm3/cm3 | =0.578 * 81+ 0.177

0.3 0.2 / 0.176 | +/-0.087 cm3*/cm3 | =0.657 * 89, + 0.134

0.5 1 / 0.927 | +/-0.024 cm3/cm3 | =0.928 * 6:+ 0.04

1 0.5 1.5 0.956 | +/-0.019 cm3/cm?® | =0.71*005 + 0.29%01 5

1.5 1 2 0.992 | +/-0.006 cm3*/cm3 | =0.05*61+ 0.95*0,

2 1.5 / 0.992 | +/-0.006 cm3*/cm? | =0.515 * 1.5+ 0.215

Table 11: Table with the depths used to interpolate O, the R2 and the RMSE associated to the interpolations and the equation

used for CA.

Depth | Depth used | Depth used | R2 RMSE Equation for interpolation
to predict to predict

0.1 0.2 / 0.586 | +/-0.051 cm3/cm? | = (60.,- 0.180)/0.549

0.2 0.1 0.3 0.892 | +/-0.029 cm3/cm3 | =0.01 * B01 + 0.99 * O3

0.3 0.2 0.5 0.964 | +/-0.017cm3/cm3 | =0.24 * 00, +0.76 * Ogs

0.5 0.3 1 0.966 | +/-0.016 cm3/cm3 | =0.78 * Bp3 +0.22 * A1

1 0.5 1.5 0.966 | +/-0.016 cm3/cm3 | =0.28 * O0s5+0.72 * O15

1.5 1 2 0.982 | +/-0.008 cm3/cm3 | =0.25* 01+ 0.75 * 6,

2 1.5 / 0.952 | +/-0.021 cm3/cm3 | =1.911 * 615- 0.299

36




Table 12: Table with the depths used to interpolate U, the R2 and the RMSE associated to the interpolations and the equation
used for P,

Depth | Depth used | Depth used | R2 RMSE Equation for interpolation
to predict to predict

0.1 0.2 / 0.707 | +/-0.038 cm3/cm? | = (60.,- 0.250)/0.416

0.2 0.1 0.3 0.908 | +/-0.024 cm3/cm3 | =0.19 * O01 + 0.81 * O3

0.3 0.2 0.5 0.923 | +/-0.024 cm3/cm3 | =0.36 * B0, + 0.64 * B¢ s

0.5 0.3 1 0.946 | +/-0.022cm3/cm3 | =0.64 * Bp3 +0.36 * A1

1 0.5 1.5 0.972 | +/-0.015cm3/cm3 | =0.32 * O05 + 0.68 * O15

1.5 1 / 0.949 | +/-0.022 cm3/cm3 | =1.035 * ;- 0.024

2 1.5 / 0.222 | +/-0.082 cm3/cm3 | =0.512 * f15+0.174

More than the half of the R? obtained are above 0.7. Some depths even have correlations of
0.992 as R40 for depths 1.5 and 2m which contrasts with the R? of 0.176 obtained for depth
0.3m, for the same area.

Even if many of the R? obtained are very good, to be able to fill the most hole it is necessary
that when the value that one seeks to predict is absent, that from which one seeks to estimate
it is present. In this thesis, most of the data that are missing are generally missing for several
depths at the same time, which limits the number of values that can be predicted. And the
values where R? is low correspond to places where there is very little data available. All the
values that have been predicted for the four study areas are shown in Table 13 for each depth
individually:

Table 13: Table that contains the total number of O values for each area under study, the total number of values interpolated

for each area and the total number of values inteprolated by depths for each area P, CA, R10 and R40.

Parcels | Total values | Total values | 0.1m 0.2m 0.3m 0.5m 1m 1.5m 2m
interpolated

P 127.645 66.118 11.885 | 3.991 9.624 8924 12.401 |9.292 10.001

CA 113.883 10.933 3.837 701 3.010 61 93 62 3.169

R10 224.308 19.016 9.966 277 1.126 907 4.288 938 1.514

R40 254.970 29.770 0 8.705 6.867 1.576 1.086 770 10.766
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5.3 Results of the different methods used to assess ET.

5.3.1 Mass Balance
Water stock

The soil water stock for the four study areas was calculated (4.4.1) and is presented in Figure
15. By comparing the 4 areas, we can see that R40 can reach a total stock of water in the soil
up to nearly 800mm where the other 3 areas reach almost 650mm. The old forest (R40)
therefore has access to larger water resources. Moreover, R40 also shows very significant stock
decreases during dry season periods probably testifying to a very important water catchment
by the roots and therefore possible important capillary rises. This hypothesis will be validated
at the following point analyzing drainage/capillary rise graphs. This water could be used through
the evapotranspiration process.

Apart from R40 which has a lot of data on the water stock, R10 is quite poor. This lack of data
does not allow us to draw conclusions about the water consumption of the young forest even
if we can still observe some slightly lower peaks indicating a probable decrease in the water
stock in the soil during the dry season.

For CA and P, there is enough data available to see the overall trend of water stock in the soil.
We can see that here too the stock tends to decrease during the dry season, but the decrease
is much smaller than for R40, which could mean that CA and P pump less water from the soil
during the dry seasons and therefore transpire less.

To better visualize changes in stock over time, the change in water stock for the dry and wet
seasons for each of the four areas (Figure 16) was calculated by differentiating the value of the
water stock on the first day of the wet season from the value of the stock on the last day of the
wet season (i.e. water stock value on October 1 — water stock value on April 30) and the same
for the dry season. This allows to see the tendency of the water stock and if the total amount
of water available is decreasing each year.

We can see that the water stock is either increasing during the dry or wet season depending on
the year probably due to precipitations. A significant increase is visible in year 2022 with positive
variation of the water stock during the dry and wet seasons, especially for R10 with a total
increase in the water stock of nearly 300mm over the year. In contrast, 2021 seems to be a year
where the water stock in the soil has decreased during dry and wet period for R40 and R10.
Since R40 has a lot of data available, the variation of the water stock for the dry and wet seasons
is available for nearly all the 4 years (except 2023 Dry season). This allows us to see a general
decrease of the water stock over time and therefore a decrease in the amount of water
available. For R10, a general increase in the water stock is shown in the last year.
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Figure 15: Graphics of the evolution of the total water stock [mm/[per day for the four areas under study a. Pasture (P), b. Cleared area (CA),
¢. The young forest of 10 years (R10) and d. The old forest of 40 years (R40) for 2019 to 2023
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Figure 16: Variation of the water stock per season over 2019 to 2023 for each of the four areas under study a. Pasture (P), b. Cleared area (CA),
¢. The young forest of 10 years (R10) and d. The old forest of 40 years (R40). The dry periods have been shown by the red bars while the wet
period are shown by the blue bars. The variation of the water stock for each season have been measured based on the value of the water stock of
the first day of the season to which to value of the water stock of the last day of the season have been removed.
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Drainage/Capillary rise

To calculate vertical fluxes at the bottom of the soil profile, the gradient of H and conductivity
were calculated (4.4.2).

The gradient of H was calculated from h field data at 1.5 and 2m while the conductivity K(h) was
calculated from the average of h field data at 1.5 and 2m using the hydraulic conductivity curve.
Graphics representing the gradient of H and the conductivity K(h) are in Appendices 4 and 5
and the various parameters of Van Genuchten a; , @5, 0, , O4¢, 1, N, and w,, are visible in the
table in Appendix 6.

The drainage obtained from Darcy’s law is shown in Figure 17. For R10 and R40, a seasonality
of drainage can be observed. During the dry season, R40 has capillary rise peaks (i.e. 2021,
2022) indicating significant absorption by water roots. In view of this significant amount of
capillary rise, it is interesting to balance the annual flows of drainage and capillary rise to see if
R40, an old forest, consumes more water by its capillary rises than it provides through its
drainage, making this old forest a water user rather than a producer. This assessment was
carried out and is visible in Appendix 7. It can be deduced that the water consumption of R40
was higher than its production, especially in 2022. This intensive withdrawal could affect, in the
long term, the stock of water available (water resources) in the soil and the vegetation. This
observation also contrasts with the basic hypothesis that a young forest (i.e. R10) consumes
more water than an older forest (i.e. R40) and could affect the water balance of the soil. The
large amount of water absorbed is probably used for evapotranspiration.

In comparison, R10 does not seem to experience capillary rises as large as R40, according to
available data, but these are rather frequent during wet seasons. R10 seems to be more prone
to drainage, especially in the dry season. For P and CA, it is quite difficult to see any seasonal
variation. P seems to experience very strong capillary rises almost continuously while CA on the
other hand only seems to have drainage all the time. These differences in drainage and capillary
rise will have a significant impact on the water balance and so on actual evapotranspiration
assessment. However, it is important to remember the h raw data for P and CA illustrated in

5.2.2 and to be cautious with both the raw data and the drainage/capillary rise assessment.
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Figure 17: Graphics representing the total drainage per day [mm/day] for each of the four areas under study Pasture (P) in blue,
Cleared area (CA) in red, the young forest of 10 years (R10) in orange and the old forest of 40 years (R40) in green. The drainage
has been assessed based on the Darcy's law where the Van Genuchten parameters for the conductivity K(h) have been optimized
through LABROS based on the Van Genuchten Muallem relation.

Water Balance

Combining water stock variation, precipitation, drainage and capillary rise, the actual

evapotranspiration can be estimated (4.4).

The monthly water balance is visible for each of the 4 plots studied in Figure 18Figure 19Figure
20 Figure 21. Inputs to the soil are positive (e.g., precipitation or capillary rise), while outputs
(like drainage or ET) are negative. The change in stock is represented as a negative term when
there is an increase in water and a positive term when the soil dries out (see Equation 3).

Rain is represented by the blue bars, variation of the water stock by the pink bars, drainage or
capillary rise by the red bars and evapotranspiration deduced from its different terms by the
green bars. The water stock in the soil is also represented by the light blue dots, and the dry
seasons are represented by the yellow rectangles. Evapotranspiration has not been estimated
if one of the 4 incoming or outgoing flows could not be calculated due to lack of data, these

areas where one of the flows is missing are represented by the gray rectangles.
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For Figure 18 and Figure 21, the red rectangles represent moments where some incoming
fluxes have not been identified, either due to the imprecision of the drainage and the capillary
rise that have been supposed to be at 1.75m of depth or to the raw data measurements based
on sensors. Positive ET values were obtained in this case, which is not possible, so the water
balance has been assessed as not reliable and ET wasn’t assessed.

The daily mass balance is presented in Appendix 9.

The water balance of CA is represented in Figure 18. For CA, only drainage is present as a
bottom flux. There is no capillary rise. Even when there is nearly no precipitation, a lot of
drainage still occurs. This could be linked to the shape of the raw data and could affect the actual

value of ET assessed. Therefore, the water balance for CA will be considered as not trustable
and will not be used for this thesis.
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Figure 18: Water balance for Cleared area (CA) from 2019 to 2023. The different water fluxes are represented as follow: precipitation by
the blue bars, drainage (-)/capillary rise (+) by the red bars, the variation of the water stock by the pink bars and actual evapotranspiration
by the green bars. The water stock of the soil is represented by the blue points and the dry seasons are the yellow rectangles. Actual
evapotranspiration has not been assessed if precipitation, variation of the water stock or drainage/capillary rise was missing, missing
fluxes area are represented by the grey rectangle. The red rectangles represent moments where the water balance is not reliable because
some incoming fluxes that are not measured false the estimation of the actual evapotranspiration.
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Monthly Water Fluxes [mm/month]

Figure 19 represents the water balance of P. The main bottom fluxes are capillary rise, which is
high in September and October 2021, at the end of dry season period with less rainfall.
Drainage is mostly visible in late 2022 and is higher during the wet season, it is much lower than
capillary rises. The water stock appears to vary greatly between positive and negative values,
contributing to other water flows. It increases with drainage and decreases with capillary rise.
We can see a higher water stock before the beginning of the dry season (yellow rectangle) and
just after. Actual ET, deduced from all other flows, is high at the end of 2021 corresponding to
the time when we have a strong capillary rise. ET increases as the water stock increases and is
lower when the water stock is at a minimum, probably due to the lack of available water. At this
time, there is almost no precipitation.

In general, ET is lower in the dry season and higher in the wet season, except in August and
September 2021. High precipitation leads to an increase in the water stock in the soil and to
high ET.
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Figure 19 : Water balance for Pasture (P) from 2019 to 2023. The different water fluxes are represented as follow: precipitation by the
blue bars, drainage (-)/capillary rise (+) by the red bars, the variation of the water stock by the pink bars and actual evapotranspiration
by the green bars. The water stock of the soil is represented by the blue points and the dry seasons are the yellow rectangles. Actual
evapotranspiration has not been assessed if precipitation, variation of the water stock or drainage/capillary rise was missing, missing
fluxes area are represented by the grey rectangle. The red rectangles represent moments where the water balance is not reliable because
some incoming fluxes that are not measured false the estimation of the actual evapotranspiration.
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Monthly Water Fluxes [mm/month]
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For R10 (Figure 20), there is small drainage and capillary rise. Most of the drainage occurs
during the wet season, but there is also some very small drainage in the dry seasons of 2019
and 2020. Capillary rise mostly appears in the dry season, except for February, March and April
2019 corresponding to the wet season. Higher water stock variation is visible than in P, but the
tendency is the same. The water stock is at its maximum just before and after the dry season
and is decreasing during the dry season. When the water stock is at its minimum, ET is the
lowest. The ET tendency is also the same as in P with lower ET in the dry season and higher ET
in the wet season. Water stock data seems to be the limiting factor to assess ET as the grey

areas show.
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Figure 20: Water balance for the young forest of 10 years (R10) from 2019 to 2023. The different water fluxes are represented as follow:
precipitation by the blue bars, drainage (-)/capillary rise (+) by the red bars, the variation of the water stock by the pink bars and actual
evapotranspiration by the green bars. The water stock of the soil is represented by the blue points and the dry seasons are the yellow
rectangles. Actual evapotranspiration has not been assessed if precipitation, variation of the water stock or drainage/capillary rise was
missing, missing fluxes area are represented by the grey rectangle. The red rectangles represent moments where the water balance is not
reliable because some incoming fluxes that are not measured false the estimation of the actual evapotranspiration.
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Monthly Water Fluxes [mm/month]

Finally, R40 (Figure 21) is the water balance that allows for more understanding since it’s the
area where more data is available.

Like R10 and P, there is drainage and capillary rise. Capillary rise seems to occur only during
the dry season while there is drainage both in the dry and wet seasons. A lot of variations in
the water stock are also visible as for the three other areas, with higher water stock just
before and at the end of the dry season and it decreases during the dry season. Minimum
water stock value is usually correlated with lower ET, except in August 2021 as there is
capillary rise. ET follows the same seasonality as P and R10 and the values are close to those
from R10. P is the area where ET is the highest. As for CA, the water balance was not reliable,
at one point in this case, as the red rectangle shows.
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Figure 21: Water balance for the old forest of 40 years (R40) from 2019 to 2023. The different water fluxes are represented as follow:
precipitation by the blue bars, drainage (-)/capillary rise (+) by the red bars, the variation of the water stock by the pink bars and actual
evapotranspiration by the green bars. The water stock of the soil is represented by the blue points and the dry seasons are the yellow
rectangles. Actual evapotranspiration has not been assessed if precipitation, variation of the water stock or drainage/capillary rise was
missing, missing fluxes area are represented by the grey rectangle. The red rectangles represent moments where the water balance is not
reliable because some incoming fluxes that are not measured false the estimation of the actual evapotranspiration.
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Comparing P, R10 and R40, we can see that a certain seasonality of evapotranspiration is
present, with higher evapotranspiration values during the wet seasons and lower in the dry
seasons.

This seems to follow the trend given by the ETO (5.1) The mean monthly evapotranspiration
values observed during the dry and wet seasons for the four zones are shown in Table 14.

P seems to be the area that evaporate the most, whether in the wet or dry season, while R10
appears to be the area with the lowest rates of evapotranspiration in the dry season and R40 in
the wet. R10 and R40 seem to follow a similar trend in terms of evapotranspiration in the wet
season, but R10 has a mean evapotranspiration twice lower in the dry season.

For comparison, the evapotranspiration of P in the dry season is on average four times that of
R10 and almost twice that of R40.

These results are still to be qualified, especially for the P which have shown in its raw data rather
strange values of h, as CA, that can induce strange values in terms of drainage and capillary rise
and therefore in real evapotranspiration. Monthly evapotranspiration data derived from the
mass balance are presented in Figure 22.

Table 14: Mean monthly evapotranspiration based on the water balance for Pasture (P), the young forest of 10 years (R10)
and the old forest of 40 years (R40) for the dry and the wet period The number of months for which data were available and
thus the mean has been calculated in ().

Area Mean evapotranspiration dry season | Mean evapotranspiration wet season
[mm/month] [mm/month]

P 243.944 (Based on 7 month) 308.568 (Based on 9 month)

R10 67.456 (Based on 14 month) 240.809 (Based on 15 month)

R40 151.759 (Based on 11 month) 239.863 (Based on 23 month)

The same table has been created for drainage and capillary rise (Table 15). The negative mean
corresponds to drainage and the positive mean corresponds to capillary rise. P and R40 are the
areas presenting mainly strong capillary rise in the dry season, P being twice higher than R40.

However, only P has also mainly capillary rise in the wet season.

Table 15: Mean monthly drainage based on the water balance for Pasture (P), the young forest of 10 years (R10) and the old
forest of 40 years (R40) for the dry and the wet period. The number of months for which data were available and thus the mean
has been calculated is in ().

Area Mean drainage/Capillary rise dry season | Mean drainage/Capillary rise wet season
[mm/month] [mm/month]

P 52.827 (Based on 7 month) 17.487 (Based on 9 month)

R10 0.049 (Based on 14 month) -6.107 (Based on 15 month)

R40 27.223 (Based on 11 month) -15.678 (Based on 23 month)
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Figure 22: Monthly actual evapotranspiration assessed from the water balance for a. Pasture (P), b. The young forest of 10 years (R10) and c.

The old forest of 40 years (R40). The dry seasons are represented by the yellow rectangles.

5.3.2 MODIS

The results obtained via the MODIS method are inconclusive. Indeed, due to the low resolution
of 500m, the results obtained are two pixels of 500m? each. The first pixel contains the R40 area
while the second pixel contains the R10, CA and P areas.

These results are difficult to exploit because the evapotranspiration obtained corresponds to
the sum of the 500m? pixel evapotranspiration over 8 days. However, given the size of each plot
(Table 1), even pixel 1, which contains only plot R40 among the study plots, is covered by other
types of soil cover that will influence the measured evapotranspiration value. In addition, three
of the four study areas are on the same pixel, which does not allow to obtain evapotranspiration
values specific to each area for comparison.

MODIS could have given more conclusive results, particularly if larger study areas were available
to cover the entire 500m? pixel. A possibility was considered to find near the study area, areas
of 500m? with soil cover similar to those studied such as a 40-year-old forest, a 10-year-old
young forest or a pasture. However, the research was inconclusive, as these areas could not be
too far from the study area to maintain the same climatic and field conditions. As the results of
MODIS are not reliable, they will not be presented as results but are included in the appendix
(Appendix 10). The relevance of using SEN-ET with a spatial resolution of 20m is justified.
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5.3.3 SEN-ET

In total, from 2019 to 2023, 196 satellite images processed by SEN-ET were obtained. Of these
images, 56 images yielded results for the study areas, 127 had clouds over the study areas that
prevented the algorithm from working and 13 were completely unusable.

The 56 images were processed via the QGIS software and an average of the pixels defining each
of the 4 areas was calculated to obtain the average evapotranspiration of each area. A standard
deviation function was also used to calculate the standard deviation of the measured value. The
averages and standard deviations are shown in Figure 23.

The seasonality of evapotranspiration also seems to be identical across the four areas, with
higher evapotranspiration values during the theoretical wet seasons and lower values in the dry
season. R40 and CA seem to follow a very similar behavior with very similar evapotranspiration
values. As CA is an area with a rather peculiar ground cover with trees, bushes, and trees in the
same area, it may be that SEN-ET has been somewhat disturbed by the ground cover. P and R10
have very low evapotranspiration values during the dry season, even zero for P on several
occasions indicating a potential water stress and no evapotranspiration due to the closure of
stomata to conserve water within plants.

In general, there are no significant differences between the four areas in the evapotranspiration
measured by SEN-ET.
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Figure 23: Evolution of daily evapotranspiration for each of the four-study areas P. CA, R10 and R40 measured based on SEN-ET.
Evapotranspiration of the area has been measured based on a mean of the pixels and standard deviation has been assessed. P is in blue, CA
is in red, R10 is in orange and R40 is in green. Dry seasons are represented by the yellow rectangles.
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A distribution of the evapotranspiration values in the dry and wet seasons was also performed
to better visualize the value ranges that the evapotranspiration follows according to the season
(Figure 24)

Daily evapotranspiration values can be observed in the dry season ranging from 2 to 4 mm/day
for R10, R40 and CA with a peak at 3mm/day while P seems to vary between 0 and 3 mm/day
with a peak at 2mm/day, in the dry season.

In the wet season, the four areas follow the same dynamic and show two peaks of
evapotranspiration. The evapotranspiration values in the wet season are mostly between 2 and
7 mm/day with a first peak at 3-4mm/day and a second peak at 5.5-6 mm/day.
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Figure 24: Density plot of the daily evapotranspiration for P(blue), CA (red), R10 (orange) and R40 (green) during the dry
and the wet season. The dotted lines represent the distribution of evapotranspiration during the wet season while the continuous
lines represent the distribution of evapotranspiration during the dry season.

The minimum and maximum values obtained for each area in the dry and wet seasons are
presented in Table 16. The greatest difference observed is between the maximum
evapotranspiration measured in P in the dry season and in the wet season with respectively
2.639 mm/day and 6.178 mm/day. The highest evapotranspiration value measured is during the
wet season for the CA zone with 7.005 mm/day, followed by R10 with 6.960 mm/day and then
R40 with 6.591 mm/day. The mean is also shown in Table 16. The higher mean during the wet
season is both in CA and R40 (5.004 mm/day) while the higher in the dry season is in R40 (3.190
mm/day). The lower mean is for P either in the dry (0 mm/day) or the wet season (0.106

mm/day)
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Table 16: Minimum, maximum, and mean daily evapotranspiration for P, CA, R10 and R40 during the dry and the wet season.

The number of ET values from SEN-ET available and used for the calculation for each area is also indicated.

Area Min/Max/Mean/Number of values used | Wet season [mm/day] | Dry season [mm/day]
Min 0.106 0.000
o Max 6.178 2.639
Mean 3.976 1.349
Number of values used 26 days 28 days
Min 2.176 0.807
Max 7.005 5.027
CA
Mean 5.004 3.115
Number of values used 22 days 28 days
Min 2.210 0.402
Max 6.960 4.871
R10
Mean 4.576 2.958
Number of values used 21 days 27 days
Min 1.288 0.529
Max 6.591 5.138
R40
Mean 5.004 3.190
Number of values used 25 days 26 days
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5.3.4 Comparison of the different methods used.

In general, the actual evapotranspiration values obtained by the water balance and SEN-ET
respect the seasonality observed by reference evapotranspiration ETo, with lower values of
evapotranspiration in the dry season and higher values in the wet season. However, the results
obtained for the four zones according to the two methods are contradictory.

Since the water balance is not trustable for CA due to the raw data, the comparison of actual
evapotranspiration for this area between the two methods will not be possible.

According to the water balance it is P that transpire the most, whether in the dry or in the wet
season, and this is justified by the very strong capillary rise visible in Figure 19. On the contrary,
according to the results obtained by SEN-ET, P would be the area with less evapotranspiration
zone in the dry and wet seasons. While R40 and CA are the areas with the more
evapotranspiration in the wet season (maximum value recorded for CA) and R40 in the dry
season (maximum value recorded for R40). According to SEN-ET, R40 and CA appear to follow
similar values of ET, while R10, like P, sometimes reaches very low evapotranspiration values in
the dry season, possibly indicating a lack of water. However, R10 is a riparian zone, close to the
water table and should therefore have easy access to water, unless the water table is already
exhausted?

This lower dry season evapotranspiration of R10, compared to R40, was also observed by the
water balance. In the water balance however, strong capillary rise was noticed for R40 and even
more uptake by the trees during the year 2022 than outtake by drainage, which can also in the
long-term lead to water shortages.

Comparison between WB method, SEN-ET method, and reference ETp have been made in
Figure 25Figure 26, Figure 27, Figure 28Figure 29Figure 30. Since the same number of values
were not available each month, a daily mean by month has been calculated to allow better
comparison based on the number of values available each month for each area.
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Comparison of WB and SEN-ET methods to the reference evapotranspiration
The comparison of the ET from the WB to the reference ETy is represented in Figure 25 and

Figure 26.

Figure 25 correspond to the values for the wet season and Figure 26 the dry season. The two
figures show that ET from WB is higher than ETo as expected but some values seem to be much
higher which could be link to an overestimation of the WB. Some of these high means are due
to only one or two values available from the water balance for a month which are
overestimated, and more high values are found in the dry season (Figure 26). By looking at R?
based on the linear regression, the water balance ET during the wet season is higher than during
the dry season. For the wet season (Figure 25), it is R10 that has the highest and in the dry
season (Figure 26) it is R40. We can also see that nearly all the mean values assessed are above
the black dotted line, passing through the 1:1 coordinate, which indicates that the K. for the
four areas is above 1. Kc can be assessed with the wet season because there is no risk of water
stress normally in this period unlike during the dry season and that the difference between
reference and actual evapotranspiration is only due to the soil cover. However, by looking at the
value of K¢ estimated through the slope of the linear regression, these are too high to be
trustable and show one more time that WB method made overestimation of the ET values and
is not precise enough in the fluxes measured. Normally, we could expected values a bit higher
than 1. (Pereira et al., 2023)
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Figure 25: Comparison of the daily mean ET during the wet season based on the water balance method (Y axis) to the reference ET0 (X axis)
assessed through Penman-Monteith equation for each month for Pasture (P), the young forest of 10 years (R10) and the old forest of 40 years
(R40) P is in blue, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it have been assessed for each of the three
areas and a line passing through 0:0 is represented by the black dotted line.
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Figure 26: Comparison of the daily mean ET during the dry season based on the water balance method (Y axis) to the reference ET0 (X axis)
assessed through Penman-Monteith equation for each month for Pasture (P), the young forest of 10 years (R10) and the old forest of 40 years
(R40) P is in blue, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it have been assessed for each of the three
areas and a line passing through 0:0 is represented by the black dotted line.

For SEN-ET (Figure 27Figure 28), the R? obtained are higher. They are nearly all above 0.9 except
for P during the dry season (0.700). R10 has higher R2 during the wet season (Figure 27) as for
WB method while CA has the higher for the dry season (Figure 28). By looking at the Kc values
assessed based on the data for the wet season, all the Kc are between 1.2 and 1.7 which is more
likely to be trustable based on Pereira et al. (2023). P has the lowest K¢ and the highest is for CA
and R40 which confirm that CA and R40 seems to be close to each other in term of soil cover
and so ET. ET assessed through SEN-ET is nearly all the time higher than ETO as expected but
some values are below like for P most of the time.
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Figure 27: Comparison of the daily mean ET during the wet season based on the SEN-ET method (Y axis) to the reference ET0 (X axis)
assessed through Penman-Monteith equation for each month for Pasture (P), Cleared area (CA), the young forest of 10 years (R10) and
the old forest of 40 years (R40) P is in blue, CA is in red, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it
have been assessed for each of the four area and a line passing through 0:0 is represented by the black dotted line. The standard deviation
for the SEN-ET measurements is represented for each point for the four areas.
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Figure 28: Comparison of the daily mean ET during the dry season based on the SEN-ET method (Y axis) to the reference ET0 (X axis)
assessed through Penman-Monteith equation for each month for Pasture (P), Cleared area (CA), the young forest of 10 years (R10) and
the old forest of 40 years (R40) P is in blue, CA is in red, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it
have been assessed for each of the four area and a line passing through 0:0 is represented by the black dotted line. The standard deviation
for the SEN-ET measurements is represented for each point for the four areas.
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Comparison of WB and SEN-ET methods
Finally, the comparison of the water balance ET and the SEN-ET ET on Figure 29 andFigure 30

shows again the overestimations of the water balance but allows us to see which area have
closer results between WB and SEN-ET like R10 for the wet season (R? = 0.822) and R40 for the
dry season (R? = 0.745). The results between the two methods are closer for the wet season.
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Figure 29: Comparison of the daily mean ET during the wet season based on the water balance method (Y axis) to the SEN-ET
method (X axis) for each month for Pasture (P), the young forest of 10 years (R10) and the old forest of 40 years (R40) P is in
blue, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it have been assessed for each of the four area
and a line passing through 0:0 is represented by the black dotted line. The standard deviation for the SEN-ET measurements is
represented for each point for the three areas.
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Figure 30: Comparison of the daily mean ET during the dry season based on the water balance method (Y axis) to the SEN-
ET method (X axis) for each month for Pasture (P), the young forest of 10 years (R10) and the old forest of 40 years (R40) P is

in blue, R10 is in orange and R40 is in green. A linear regression and a R’ linked to it have been assessed for each of the four 57
area and a line passing through 0:0 is represented by the black dotted line. The standard deviation for the SEN-ET measurements

is represented for each point for the three areas.



To answer the main sub-question of this thesis which is: “Does a regenerate forest transpire
more than an old forest? Could this have an impact on soil water resources?”. It would seem
from the two methods carried out that both agree on the fact that the young forest (R10) does
not transpire more than the old forest (R40) and that the latter two follow rather a rather similar
pace. R10 even reaches lower evapotranspiration values in dry seasons. However, these lower
values can be indirectly related to lower water availability even if R10 is a riparian zone.
However, given the difference in soil structure and texture of R10 and R40, it remains quite
difficult to draw conclusions and answer this question correctly because different soil types
reflect different behaviors in terms of water balance and available water. To answer this
question correctly and with certainty, it would ideally have been necessary for R10 and R40 to
have identical soil properties. The use of P and CA could have helped to better interpret these
results, but WB and SEN-ET contradict each other for P and no comparison was possible for CA
since the WB method has been supposed as not reliable due to the raw data. It is important to
remember that the raw data for water potential used to assess drainage and capillary rise were
also quite strange for P and that could induce wrong results for the drainage and the capillary
rise since the sensors were not calibrated and were saturated at pF 2. Between the two
methods, SEN-ET seems to be the most trustable and allows to give a K¢ value quite close to
what could be expected. These first trials in forest for SEN-ET seem to be quite conclusive.
However, various avenues for improvement could be considered in the continuation of this work
and will be detailed in the next point (6).
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6 Perspectives.

In the continuation of this thesis, various avenues for improvement could be considered to
better quantify evapotranspiration.

INPE has installed sap flow sensors on several trees to measure direct transpiration. These
sensors have already been installed on trees in plot R10 and were just installed in early January
on plot R40. These data could not be analyzed this year because extensive data processing was
necessary and would have been too much for this year in addition to the work already done.
Moreover, not all study areas have sensors yet. It would therefore be wise to add sap flow
sensors to the other plots and quantify this direct transpiration in the coming years using the
dendrometer measurements. Another interesting avenue would be to better estimate the
inflows and outflows of the water balance, especially the drainage and capillary rise. The main
problem remains the uncertainties regarding the measurements of water potential sensors that
saturate in too wet pF, preventing the interpretation and understanding of the dynamics of
water potential for P and CA zones, which are saturated with water throughout the year. Sensors
less sensible to water saturation could be used instead for example. Moreover, it could be
interesting to continue the gap filling, especially for R10, for which the water stock is poor in
data. For remote sensing, the use of MODIS could be considered by finding 500m2 pixels
outside the study area and adjusting the results found, even though in all cases the accuracy of
MODIS will remain significantly lower than that of SEN-ET. Finally, many uncertainties are
present regarding the availability of water and the amount of water present in the aquifers. INPE
already has sensors to measure the level of one of the aquifers, but not the others. By analyzing
the level of groundwater, the water uptake by forests could be quantified as well as the
seasonality of variations.

This thesis and the INPE project will continue in the future. More concretely, a master's thesis
is already confirmed for next year and will aim to address the new issues raised by Charlotte
Dermauw and myself in our respective master's theses, namely by trying to estimate ET based
on the sap flow measurements and the dendrometer measurements. Direct measurements of
ET will also be done using LAl (Leaf-Area-Index), and a water balance with these ET
measurements will be conducted to assess drainage and capillary rise since it was one of the
biggest uncertainties for this thesis.

59



7 Conclusion

The primary objective of this thesis was to quantify the impact of reforestation on
evapotranspiration in the Atlantic Forest in Brazil with the aim to answer the following question:
"Does a young, reforested forest transpire more than an old forest? Could this have an impact
on soil water resources?”

To meet this objective, two different sub-objectives were defined corresponding to two
different methods of estimating evapotranspiration. The first method of evapotranspiration
based on the realization of a water balance. The second method is based on remote sensing
with the use of SEN-ET, which has a resolution of 20m and is so far used only in agriculture.

This thesis was realized in collaboration with INPE through Laura Borma, co-promoter of this
thesis, and was based on a study area divided into four study areas: a pasture (P), an area that
was later deforested and converted to grassland before being now abandoned for nearly 40
years (CA), a 10-year regenerated forest (R10) and a 40-year-old forest (R40). Since February
2019, INPE has collected water potential and water content time series for plots R10 and R40,
and since June 2021 for CA and P, which have been used to establish the water balance for this
thesis. Data were filtered and gap filling procedures were tested. Yet, missing data could still be
observed, especially for R10. The INPE also has meteorological data, including hourly
precipitation data, which were used for the calculation of the water balance and for the
estimation of the reference evapotranspiration.

The water balance and SEN-ET gave results that correspond to the seasonality of the ET
observed with the reference evapotranspiration ETo. Evapotranspiration was measured as lower
in the dry season (May to September) and higher in the wet season (October to April). However,
when comparing the results obtained for the four plots, differences were noted.

Due to poor estimates of the drainage values, CA ET could not be estimated with the mass
balance approach. P had two contradictory results for WB and SEN-ET. According to WB, it is
the area that have higher evapotranspiration while for SEN-ET, it is the area with less
evapotranspiration, but some concerns are raised for the WB method based on the initial raw
data and the sensors saturation at pF2. Regarding the comparison of the two types of forests,
little significant difference was observed, thus not validating a higher evapotranspiration of R10,
the regenerated forest: evapotranspiration in the dry season was even observed as lower.
However, this lower evapotranspiration could be due to a lack of available water, although R10
is a riparian zone near a water table.

This same comparison between R10 and R40 was observed for SEN-ET. However, according to
SEN-ET, P would be the area with less evapotranspiration in the dry and wet seasons.
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This difference between the two validated methods may lie in the fact that many uncertainties
are present in the calculation of drainage and capillary rise which was considered from 1.75m
depth and calculated from water potential data that could not be measured at pF less than 2
due to saturation of the TEROS 21 sensors. This saturation of the sensors limits the
understanding of the drainage and capillary rise process especially for the CA and P plots and
have a significant impact on the evapotranspiration values obtained, justifying the major
difference between the results of water balance and SEN-ET. However, the two methods agreed
on the fact that a reforested young forest doesn’t transpire more than an old one. SEN-ET which
has only been tested in agricultural cases has been validated for forest after this master thesis
and allowed to better assess the cultural coefficient for each of the four area.

In conclusion, although this thesis provided a better understanding of the dynamics of
evapotranspiration and helped to partly address the problems and uncertainties encountered
by Basile Delvoie last year, some areas for improvement, like the use of sap flow measurements
already installed in some of the four area, could still be considered to better understand the
impact of reforestation on evapotranspiration and soil water resources.
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9 Appendices

Appendix 1: Normal distributions of 8 and h for each parcel at each depth.
Distribution of soil moisture for R40 over depth
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Distribution of soil moisture for R10 over depth
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Distribution of soil moisture for CA over depth
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Appendix 2: Soil moisture & Water potential data available for each area after filtering
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Evolution of Water potential over time for R10 at 0.1m with the raw data (Filtered data, hourly data) Evolution of Water potential over time for R10 at 0.2m with the raw data (Filtered data, hourly data)
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Appendix 3: Retentions curves for each area and for each depth based on field data.
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Retention curves for R10

Retention curve for R10 at 0.1m
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Appendix 5: Graphic of the conductivity for the four area under study
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Appendix 6: Van Genuchten parameters optimized by LABROS software.

Area nl alphal | n2 alpha2 | w2 Theta r | Theta s
P—1.5m 1.688 |0.0385 | 1.161 | 0.00014 | 0.574 | 0O 0.467
P-2m 1.947 10.0411 | 1.080 | 0.00283 | 0.707 |0 0.459
CA-1.5m 1.122 1 0.00324 | 2.312 | 0.0373 | 0.266 |0 0.473
CA-2m 1.591 10.0929 |1.03 |0.0018 |0.648 |0 0.45
R10—1.5m 1.2 0.1174 | 1.266 | 0.00071 | 0.873 |0 0.485
R10-2m 1.828 | 0.00094 | 1.545 | 0.0354 | 0.42 0 0.441
R40-1.5m 1.897 10.0362 | 1.359 | 0.00101 | 0.748 | 0.173 | 0.48
R40 —2m 1.828 10.0017 | 1.123 | 0.1187 | 0.8 0.108 | 0.507
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Appendix 7: Total drainage and capillary rise for R40 from 2019 to 2022
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Appendix 8: Comparison of the measured conductivity for P, CA, R10 and R40 at 2m
depth.
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Appendix 9: Daily water balance for P, CA, R10 and R40.
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Appendix 10: Potential and Actual evapotranspiration measured by MODIS for pixel 1
(R40) and pixel 2 (R10, CA and P)

ial and actual p piration (mm) b Pixel 1 (which contain R40) and Pixel 2 (Which contain R10, Pasture and Cleared area) (data from MODIS 500m resolution)
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Appendix 11 : Penman Monteith Equation

37 .
0,408A(R, — G) + ¥ 7573 U2(e (T) — €g) [mm
h

A+y(1+0,34u,)

ETO =

With ETois the reference evapotranspiration [mm/h]
Rnis the net radiation from the grass surface [MJ/m?/h]
G is the Ground heat flux density [MJ/m?/h]
A'is the slope of the saturation vapor pressure curve [kPa/°C]
y is the psychrometric constant [kPa/°C]
T is the air temperature [°C]
e°(T) is the saturation vapor pressure at air temperature [kPa]
eais the actual vapor pressure [kPa]
uzis the wind speed at 2m high [m/s]
Where:

[0 The slope of the saturation vapor pressure curve is calculated as follow:

__ 4098e°(T)
(T+237,3)2

[kPa/°C]

[0 The saturation vapor pressure at air temperature is calculated as follow:

17,27T

e’ (T) = 0,6108(T+237,3) [kPa]
[0 The actual vapor pressure is calculated as follow:

eq = eO(T)% [kPa]
[0 The psychrometric constant is calculated as follow:
Yy = 0,665 X 1073F,,, [-]
Where:
0 Pmoyis the mean pressure measured [kPa]
[0 The net radiation from the grass surface is calculated as follow:
Ry = Rps — Ry [MJ/m?/day]
Where:
o R, = (1 —a)R,,isthe net shortwave solar radiation [MJ/m?/h] with a, the

albedo and is equal to 0.23 [-].

o Ry =0T*(0,34 - 0,14\/e_a)(1,35 — 0,35), is the net longwave solar

Rg
Rso

radiation [MJ/m?/h] with:
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o

o o is the Stefan-Boltzmann constant and is equal to 2.0429.101°[-].
Rso = (0,75 + 2.107°2)R,,, is the calculated clear-sky radiation [MJ/m?/h]
with:

z the meteorological weather station altitude and is equal to 1100 [m].
R, = @ Gsod,[(wy; — wq) sin @ sin d + cos ¢ cos § (sin w, — sin w,)],
the extraterrestrial radiation [MJ/m?/h] with:

d, =1+ 0,033cos %], the Earth-Sun inverse relative distance [rad].

6 =0,409 sin( J - 1,39), the solar declination [rad].

2m
365
TL'tl Tl.'tz
W =w——Cetw, =w =5 the temporal solar angle at the start of the

hour [rad] and the temporal solar angle at the end of the hour [rad].

is

w = % [(t +0,06667(L, — L,,) + S.) — 12], the temporal solar angle at the

midpoint of the hour [rad] with:
» Lz: Longitude of the center of the local time zone (=45 for the study

zone) [°].

= Lm: Longitude of the measurement zone (=45.982 for the study zone)

[°].

S, =0,1645sin2b — 0,1255 cos b — 0,025 sin b, the seasonal correction for

solar time [h].

_ 2m(-81)
T 364

b , is the latitude [rad].
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Appendix 12: Code used for Google Earth Engine to extract MODIS data.
I 7777171717171

// Associate time series to each fluxnet sites (like transpiration)

var start = ee.Date('2019-01-01")

var finish = ee.Date('2023-12-31")

var PML V2 =

ee.lmageCollection("MODIS/061/MOD16A2GF").select('PET') filterDate(start,finish).filterBoun
ds(RP1)

var count = PML_V2.size();
print('size of the image collection', count)

var triplets = PML_V2.map(function(image) {

return image.reduceRegions({

collection: RP1.select(['id"]),

reducer: ee.Reducer.mean(),

scale: null
1) filter(ee.Filter.neq('mean’, null))
.map(function(f) {

return f.set('imageld’, image.id());

b;
1 .flatten();

// drop .geo contents
var tripletsOut = triplets.select(['.*'], null, false);
// print(ui.Chart.image.seriesByRegion(PML_V2, Fluxnet, ee.Reducer.mean()));

// create function: Format a table of triplets into a 2D table of rowld x colld.
var format = function(table, rowld, colld) {
// Get a FeatureCollection with unique row IDs.
var rows = table.distinct(rowld);
// Join the table to the unique IDs to get a collection in which
// each feature stores a list of all features having a common row ID.
var joined = ee.Join.saveAll('matches').apply({
primary: rows,
secondary: table,
condition: ee.Filter.equals({
leftField: rowld,
rightField: rowld
})
N;

return joined.map(function(row) {
// Get the list of all features with a unique row ID.
var values = ee.List(row.get('matches'))
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// Map a function over the list of rows to return a list of
// column ID and value.
.map(function(feature) {
feature = ee.Feature(feature);
return [feature.get(colld), feature.get('mean')];
};
// Return the row with its ID property and properties for
// all matching columns IDs storing the output of the reducer.
// The Dictionary constructor is using a list of key, value pairs.
return row.select([rowld]).set(ee.Dictionary(values.flatten()));

1,
|5

// apply formatting function to your data
var tablel = format(tripletsOut, 'id', 'imageld');

//Name for your file export
var descl ='RP1_PET_MODIS_500M'
Export.table.toDrive({
collection: tablel,
description: descl,
fileNamePrefix: descl,
folder: 'RP1',

fileFormat: 'CSV'
1;

Appendix 13: ETo measured through the different meteorological stations.

Evapotranspiration based on Penmann Monteith equation (data from Atmos et HOBO meteorological station)
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What is the impact of reforestation on evapotranspiration? How to better assess
evapotranspiration in the Atlantic Brazilian Forest?
A case study in Brazil's Atlantic Forest, in Sdo Francisco Xavier, Sio Paulo State

The Brazilian Atlantic Forest has been particularly affected by deforestation in recent decades.
The importance of forests in terms of biodiversity and climate regulation noted has led to
measures being taken globally for forest conservation and restoration and the Atlantic Forest is
no exception. However, concerns have been raised by several scientists and specialists about
the water consumption of these young, reforested forests and their impact on water resources in
the long term. This master thesis is a continuation of the master thesis made by Basile Delvoie
during 2022-2023 and aims to address the uncertainty raised regarding evapotranspiration, a
significant flow of the water cycle in tropical forests.

This thesis was realized in collaboration with the INPE (Brazil) through the co-promoter of this
thesis, Laura Borma. This study was conducted on four plots with a common history but
different soil cover at present: A 40-year-old forest (R40), a 10-year-old reforested forest (R10),
a pasture (P) and an abandoned area (CA). Various soil properties data were used in this thesis
such as water content and water potential data were measured by the INPE from 2019 to 2023.
Climatic data (e.g.,: precipitation) were also used.

Two methods of estimating of evapotranspiration (SEN-ET and Water Balance) were validated

in this thesis, while a third MODIS proved to be inconclusive due to its low resolution of 500m?.

Although these two methods do not agree regarding the evapotranspiration of the CA and P
zones, due to uncertainties in the calculation of drainage and capillary rise and to limited time
and basic data from the sensors used, they both agree that a young, reforested forest (R10) has
an evapotranspiration quite similar to that of an old forest (R40) over time with even a lower
evapotranspiration in the dry season. During the water balance important capillary rises were
even observed for the 40-year-old forest and by analyzing the total water withdrawn compared
to the total water produced by the aged forest, it was observed that older forest behave as water
consumer rather than producer, which could have a significant impact on water resources in the
long term.

However, several avenues for improvement have been raised for future research to address the
different limitations encountered in this thesis and that will allow to better understand the
dynamics of water flows during reforestation.

Lola Parmentier

UNIVERSITE CATHOLIQUE DE LOUVAIN
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