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Abstract

A warming climate, more frequent dry and wet extreme events and an unstoppable
deforestation currently threaten the largest rainforest in the world. The Amazon forest
holds rich and biodiverse ecosystems, and its vegetation acts as a source of water
vapor to the atmosphere and as an atmospheric carbon sink. Thus, this tropical forest
is an active component of the Earth climate system. Amazonian moisture sustains
rainfall in the Amazon itself and in different regions of the South American continent
such as the tropical Andes, a place containing numerous glaciers and fragile
mountainous ecosystems. Concurrently, high erosion rates associated with heavy
rainfall in the eastern side of the Andes produce the sediments that fertilize the
Amazon lowlands. In this way, the Amazon and the tropical Andes conform an
entangled bio-geophysical system. The main question of this thesis is how the
Amazonian deforestation could impact the hydro-climatic connectivity in the Amazon-
Andes system.

To address this question, we perform simulations with the Weather Research and
Forecasting (WRF) regional climate model using a control (forced with present land-
use conditions) and a deforestation experiment (forced with observed 1992-2002
deforestation rates projected to the year 2050). For a better representation of the land
surface-atmosphere processes, we couple WRF with the land surface model
ORganising Carbon and Hydrology In Dynamic EcosystEms (ORCHIDEE) in some
sections of the thesis.

Our modelling results suggest that, in the current land-use conditions, the land cover
heterogeneity in the southern Amazon (dominated by the coexistence of tropical
rainforest and cropland/grassland) is crucial for the establishment of the rainy season
onset. During the dry-to-wet transition period, thermally driven shallow convection is
developed over crops. Nonetheless, large-scale subsidence inhibits convection over
the region except over forested areas which present higher convective potential
energy. We hypothesize that the large-scale flow transports the upward wind
anomalies initialized over croplands toward forested areas, triggering deep convection
over these zones. Deforestation reduces the forest area and therefore the land-surface
heterogeneity, what could hinder the early development of deep convection and delay
the wet season onset. Changes in the wet season (December-to-February)
atmospheric circulation regimes reinforce the idea of a late arrival of the rainy season.

Amazonian forest loss generates profound changes in the austral summer regional
atmospheric circulation, surface energy and hydrological balances at different time
scales. At intra-seasonal scale, deforestation weakens the South Atlantic
Convergence Zone and decreases its frequency of occurrence at the beginning of the
wet season. Similarly, the north-south flow of the South American Low-Level Jet
(SALLJ) is weaker under deforested conditions and exhibits a delayed activity. At
seasonal scale, deforestation reduces the surface net radiation and
evapotranspiration. Hence, the troposphere is colder and drier causing a rainfall
depletion and wide subsidence anomaly over the Amazon basin. The subsidence
anomaly increases the mid-upper tropospheric stability and reduces precipitation also
in the western part of the southern tropical Andes. Over the Amazon-Andes transition
region, deforestation decreases rainfall over the cleared areas of the Amazon lowlands
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during daytime and over the eastern Andean hillsides during nighttime. Using high-
resolution simulations, we trace the evolution of the regional-scale deforestation signal
to its impact at local scale in the Bolivian inter-Andean valleys. Deforestation reduces
nighttime precipitation in the valleys of Zongo and Huarinilla in -30% as a result of a
decreased entry of the SALLJ moist winds from Amazon towards the Andean summits.
This rainfall reduction can seriously impact the hydrology of the region.
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Résumeé

Le réchauffement du climat, des événements extrémes plus fréquents et la
déforestation incessante menacent la plus grande forét tropicale du monde. La forét
amazonienne abrite des écosystemes biodiversifiés et sa végétation sert de source
de vapeur d'eau pour lI'atmosphere et de puits de carbone atmosphérique. Cette forét
tropicale est donc un composant actif du systéme climatique. L'humidité amazonienne
alimente les précipitations en Amazonie méme et dans différentes régions du
continent sud-américain comme les Andes tropicales, ou se trouvent de nombreux
glaciers et des écosystemes montagneux fragiles. Parallelement, les taux d'érosion
associés aux précipitations intenses sur le versant oriental des Andes produisent les
sédiments qui fertilisent les basses terres amazoniennes. De cette facon, I'’Amazonie
et les Andes tropicales forment un systéeme biogéophysique entrelacé. La question
centrale de cette these est de savoir comment la perte de la forét amazonienne
pourrait avoir un impact sur la connectivité hydroclimatique dans le systéme Amazone-
Andes.

Pour répondre a cette question, nous effectuons des simulations avec le modele
climatique régional WRF en utilisant une expérience de controle et une de
déforestation. Pour une meilleure représentation des processus surface terrestre-
atmosphere, nous couplons WRF avec le modéle de surface terrestre ORCHIDEE
dans certaines sections de la these.

Nos résultats suggerent gu'actuellement, I'nétérogénéité de la couverture terrestre
dans le sud de I'Amazonie (dominée par la coexistence de la forét tropicale et des
cultures/prairies) est cruciale pour le début de la saison des pluies. Pendant la période
de transition sec-humide, une convection peu profonde d'origine thermique apparait
sur les cultures. La subsidence a grande échelle empéche la convection dans la
majorité de la zone, sauf dans les zones forestiéres qui présentent une énergie
potentielle de convection plus élevée. Les anomalies de vent ascendant initialisées
sur les terres cultivées pourraient étre transportées par le flux a grande échelle et
déclencher une convection profonde sur les zones forestieres. La déforestation réduit
la surface des foréts, ce qui pourrait entraver le développement précoce de la
convection profonde et retarder le début de la saison humide. Les changements dans
les régimes de circulation atmosphérique de la saison humide (décembre a février)
renforcent I'idée d'une arrivée tardive de la saison des pluies.

La déforestation amazonienne génére changements dans la circulation
atmosphérique régionale de I'été austral, les bilans d’énergie de surface et
hydrologiques a différentes échelles de temps. A I'échelle intra-saisonniére, un
affaiblissement et une diminution de la fréquence des événements de la Zone de
Convergence de |'Atlantique Sud au le début de la saison humide sont observés dans
le scénario de déforestation. De méme, la circulation du South American Low-Level
Jet (SALLJ) est plus faible avec la déforestation. A I'échelle saisonniére, la
déforestation réduit le rayonnement net de surface et I'évapotranspiration. La
troposphére est donc plus froide et seche, ce qui entraine une diminution des
précipitations et une anomalie de subsidence dans le bassin amazonien. Dans la
région de transition entre I'Amazonie et les Andes, la déforestation réduit les
précipitations sur les zones défrichées pendant la journée et sur les collines des Andes
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orientales pendant la nuit. En utilisant des simulations a haute résolution, nous tracons
I'évolution du signal de déforestation a I'échelle régionale jusqu'a son impact a
I'échelle locale dans les vallées interandines boliviennes. Nos résultats montrent que
la déforestation réduit les précipitations nocturnes dans la vallée du Zongo d'environ
-30% en raison d'une entrée réduite des vents humides SALLJ de I'Amazonie vers les
hautes terres andines. Cette réduction des précipitations peut avoir un impact sérieux
sur I'hydrologie de la région.
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Chapter 1: General context and the objectives of the thesis

General context and the objective of
the thesis

Contents
1.1. Tropical rainforest and the hydrological cycle 12
1.2. The Amazon rainforest as a tipping element of the Earth system 12

1.3. Why it is still important to explore the impacts of Amazonian deforestation
on the regional climate? 14




1.1 Tropical rainforest and the hydrological cycle

Every year, on average, about 40.000 km?® of water evaporated over the oceans are
transported by the winds toward the continents. Equally distributed over terrestrial
areas, this moisture quantity generates ~268 mm per year (mm y?t) of rainfall.
Nevertheless, the average annual precipitation over land is about 779 mm per year,
what implies that nearly 511 mm y or, in other words, more than 60% of terrestrial
precipitation is derived from the sum of evaporation and transpiration (the release of
water vapor from plant leaves during the photosynthesis) within the continents
(Trenberth et al. 2011). The surface water available for evapotranspiration (the sum of
direct evaporation and vegetation transpiration) depends on the surface
characteristics and vegetation. In general, the main contributor for terrestrial
evapotranspiration is transpiration, and rainforests exhibit the highest transpiration
rates with respect to other land surface covers (Bonan 2015). In this way, tropical
rainforests act as a water source to the atmosphere (Zhang et al. 2001; Jasechko et
al. 2013). Thus, within the tropics, air parcels travelling over forested surfaces
generate twice or more rainfall than air parcels moving over non-forested lands
(Spracklen et al. 2012). In this sense, forest plays an important role in the continental
hydrology and helps to sustain the wet conditions necessary for its own existence
(Ampuero et al. 2020).

1.2 The Amazon rainforest as atipping element of the Earth
system

The Amazon, the major tropical forest in the world, has been recognized as one
‘tipping element’ of the Earth system. A tipping element is defined as a large-scale
component of the Earth system that might pass a ‘tipping point’, a critical threshold at
which a small perturbation can alter the state or development of the system (Lenton
et al. 2008). Two tipping points have been identified that could drive the Amazon
ecosystem toward a savanna-like state: (i) clearing more than 40% of the Amazon
basin, and (ii) a global warming between 3° and 4°C (Lenton et al. 2008). Currently,
17% of the Amazon basin has been deforested (Figure 1.1). At the same time, the
region has warmed about 1 to 1.5°C during the past century (Victoria et al. 1998;

Jiménez-Mufioz et al. 2013). Thus, simultaneously, we are getting close to these
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critical thresholds. Moreover, the interaction between global warming and large-scale
forest loss may increase the probability of irreversible changes in the ecosystem
(Wongchuig et al. 2021).
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Fig. 1.1 Elevation map (m.a.s.l.) on South America and location of the Amazon basin (black line). a
Location of cities in South America. Blue dots represent very small cities (less than 100.000 habitants),
magenta dots represent small cities (between 100.000 to 1.000.000 habitants), orange dots represent
medium cities (between 1.000.000 to 6.000.000 habitants) and red dots represent big cities (>6.000.000
habitants). b Location of tropical glaciers (magenta dots) in South America. ¢ Fraction of mean annual
rainfall that has been transpired by trees in the Amazon basin. d Observed land cover for the year 1992.
e Deforested areas for the year 2020. Data source for the digital elevation model is the USGS 30 ARC-
second Global Elevation Data, GTOPO30. Population dataset comes  from
https://simplemaps.com/data/world-cities. Glacier dataset is obtained from the Randolph Glacier
Inventory (available at https://nsidc.org/data/nsidc-0770/versions/6#anchor-1). Data source for South
American land cover is the European Space Agency Climate Change Initiative ESA-CI available at
https://www.esa-landcover-cci.org/. Figure ¢ modified from Staal et al. (2018)© Copyright Springer
Nature.

The degradation of the Amazonian rainforest is associated with several impacts on the
functioning of the ecosystem including the disruption of the river flow regulation and
its sediment transport toward Amazon lowlands, alterations of the atmospheric carbon
sequestration or reductions in the atmospheric moisture transport toward La Plata

basin, the Andean cities and the Andean tropical glaciers (Marengo et al. 2004; Arraut
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et al. 2012; Sagredo and Lowell 2012; Rabatel et al. 2013; Poveda et al. 2014; Figure
1.1). Moisture originated in the Amazon basin contributes to 30-50% of the total annual
rainfall over the southern tropical Andes (between 5°-20°S) and the western Amazon
(Figure 1.1c). Over these regions in particular, population is highly concentrated
(Figure 1.1 a) and most of the tropical glaciers are located (Figure 1.1b). Thus,
Amazonian forest degradation might generate serious impacts on the water resources
for Andean cities and for the existence of tropical glaciers, among others. Analyzing
the potential impacts of the undergoing Amazonian deforestation on the regional
climate is a major issue in order to better understand the associated risks of our current

development strategies as a society.

1.3 Why it is still important to explore the impacts of
Amazonian deforestation on the regional climate?

Although the majority of studies on tropical deforestation have focused on the Amazon,
computational constraints have limited the geographical domains, the time period
lengths, and the horizontal resolutions used by the climate models (D’Almeida et al.
2007; Spracklen et al. 2018). As a result, two types of modeling works cover most of
the scientific literature developed so far: (i) small-scale deforestation studies with
realistic deforestation experiments which use high-resolution regional climate models,
but covering limited areas and short time periods (e.g. Silva Dias and Regnier 1996;
Dolman et al. 1999; Walker et al. 2009; Khanna et al. 2017), or (ii) large-scale
deforestation experiments with regional or global climate models, coarse spatial
resolutions and unrealistic deforestation scenarios (e.g. Lean and Rowntree 1997;
Costa and Foley 2000; Voldoire and Royer 2004). With the recent advances of
computational sciences, high resolution simulations with more realistic deforestation
scenarios and a better representation of land-atmosphere processes are becoming
more frequent (e.g. Ramos da Silva et al. 2008; Lejeune et al. 2015; Alves et al. 2017,
Eiras-Barca et al. 2020; Ruiz-Vasquez et al. 2020; Jiang et al. 2021). However, these
studies still present some important limitations. First, deforestation scenarios are in
general too simplistic and tend to ignore the real complexity of the land-use change (
e.g. replacing forest areas with a unique type of land surface cover; Akkermans et al.
2014). Secondly, many works use fixed sea surface temperatures and neglect the

possible ocean-atmosphere interactions in deforestation experiments (e.g. Voldoire
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and Royer 2005; Schneider et al. 2006; Nobre et al. 2009). Third, the use of regional
climate models, even with enhanced spatial resolutions present the inherent constraint
of fixed boundary conditions (prescribed winds and moisture entering into the analyzed
spatial domain) that inhibit the deforestation influence on larger spatial scales (Hasler
et al. 2009; Medvigy et al. 2011; Badger and Dirmeyer 2016). Fourth, despite the new
generation climate models have spatial resolutions of the scale of dozens of
kilometers, this resolution is not enough to represent some important land-atmosphere
processes such as convection. This is particularly important in the Amazon, where
almost 80% of the annual precipitation is produced by deep convection (Greco et al.
1990). Finally, the majority of the literature on the impacts of Amazonian deforestation
is focused mainly on annual and seasonal scales. Except for a few studies (e.g.
Polcher 1995; Medvigy et al. 2011; Eghdami and Barros 2020), the effects of forest
clearance on the atmospheric phenomena at an intra-seasonal level remain poorly

understood.

In order to deal with some of the above-mentioned limitations, the AMazon ANdESs
ConnEctivity (AMANECER) project, which is part of the French national project Make
Our Planet Great Again (MOPGA) and looks for taking action against global warming,
has addressed part of its efforts to analyzing the impacts of Amazonian deforestation
on the regional climate. Previous AMANECER publications have identified the
particular vulnerability of the Amazon-Andes transition region to the rainforest loss and
the lack of studies regarding the potential impacts of Amazonian deforestation in the
existent hydroclimatic connection between the Amazon rainforest and the Andes
(Ampuero et al. 2020; Pabon-Caicedo et al. 2020; Armijos et al. 2020a; Poveda et al.
2020; Gutierrez-Cori et al. 2021). The Amazon-Andes transition region is recognized
by its high fraction of rainfall originated from the Amazon rainforest evapotranspiration,
by its huge biodiversity and by its intense current deforestation rates (Myers et al.
2000; Staal et al. 2018; Lovejoy and Nobre 2019). Therefore, this PhD thesis is
addressed to gain a better understanding of the potential impacts of Amazon
deforestation on the hydroclimatic connectivity between the Amazon and the Andes at

different time scales.
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High Resolution Climate Modeling in the Amazon-Andes Transition Region:

Understanding the Climate-Forest Interaction and its Implications for Rainfall Patterns

Introduction and motivation of this study: Why is still important

Chapter1 > to explore the impacts of Amazon deforestation on the regional climate?

State of the art: Hydrological cycle and

>
Chapter 2 the role of the Amazon

> Atmospheric circulation patterns

Chapter 3 The effect.s of Amazon rainforest q Dry-to-wet transition season
loss at intra-seasonal scales
o Wet season onset
> Wet season rainfall
Chapter4 |5 —» Amazon-Andes transition region

The effects of Amazon rainforest Andean valleys rainfall
loss on the Amazon-Andes » (high resolution simulations)
hydroclimatic connectivity

= Southern Andes rainfall
Chapter5 | > Bolivian high mechanism

> Amazon convection
Chapter6 —————» Conclusions and perspectives

Fig. 1.2 Schematic structure of this thesis.

This manuscript is organized in six chapters as illustrated in Figure 1.2. In the first
chapter (this chapter), we describe the motivation for this thesis and a general
introduction regarding the problem of tropical deforestation, as well as the main ‘holes’
in the current knowledge of Amazonian deforestation. Chapter 2 is dedicated to
present the current state of the art of deforestation in the Amazon basin. In this chapter
we describe the role of the Amazon rainforest in the Earth climate system, the basic
climatic conditions in the Amazon basin, the recent observed environmental changes
in the catchment, as well as the observed and projected impacts of the rainforest loss.
In Chapter 3 we analyze the impacts of Amazonian deforestation on the regional
atmospheric circulation and its associated rainfall at intra-seasonal time scales.
Additionally, we explore the different role of pasture and forest on the onset of the wet
season in the southern Amazon. We end this chapter with the assessment of the
impacts of forest loss on the onset and development of the wet season using a weather

typing approach. Chapters 4 and 5 are addressed to study the potential impacts of the
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rainforest clearance on the hydroclimatic connectivity between the Amazon and the
tropical Andes. While Chapter 4 is focused on the deforestation induced changes in
the Amazon-Andes transition region rainfall, as well as the perturbations in
precipitation over an instrumented Andean valley using high resolution convective
permitting simulations, Chapter 5 looks for evaluate the effects of Amazonian
deforestation on the relationship between southern tropical Andes rainfall, the Bolivian
High and the Amazonian convection. Finally, Chapter 6 discusses the general

conclusions and the potential research topics for future works.
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Chapter 2: The Amazon as an essential component of the Earth climate system

The Amazon as an essential
component of the Earth climate
system

Contents
The Amazon as an essential component of the Earth climate system.............. 18
2.1 Generalities of the world’s largest tropical rainforest ......................ccccccinins 19
2.2 Climatic features of the AMAazZoNn ..........ccccuuueiiiiiiiiiiiii e 20
2.2.1 The mean annual climate PatternS ........coooeii it 20
2.2.2 Seasonal climatology in the AMazon Dasin...........cccovuiiiiiiiie e 22
2.3 Recent environmental change in the Amazon basin...........cccccvviiiiiii v, 25
2.3.1 Recent observed changes in Amazon hydroclimate .............cccooiiieiiiie e 25
2.3.2 Deforestation evolution in the AMazon basin...........ccciiii 28
2.4 How deforestation in the Amazon impacts the local, regional and global
(o] 1 40 = L PP 30
2.4.1 Impacts of the observed deforestation on the Amazon at local and meso scales........... 30
2.4.2 Mesoscale, regional and global effects of Amazonian deforestation.............cccccveeenee 31

2.5 Regional climate models, lands surface models and configurations used in
LTSI U =T 34

18



Chapter 2: The Amazon as an essential component of the Earth climate system

2.1 Generalities of the world’s largest tropical rainforest

The Amazon basin is located between 20°S and 5°N. It extends over seven countries
and encompasses ~5.8 million km?, nearly 33% of South America (Figure 1.1). The
Amazon basin presents a strong longitudinal topographic gradient, with surface
elevations above 6000 m.a.s.l. in the west, and lowlands almost at sea level in the
east (Figure 1.1). This heterogenous landscape, in conjunction with the low rainfall
seasonality and high rainfall rates over the western part, and the vast sediment
production there help to explain the huge biological diversity found within the
watershed (Hoorn et al. 2010; Rangel et al. 2018; Cadena et al. 2021).
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Fig. 2.1 Current Amazonian diversity patterns in terms of: a terrestrial mammal richness (lightest color
means 2-10 species, darkest color means 89-109 species), b tree a-diversity, ¢ bird richness and d
amphibian richness. White polygons in a and b correspond to areas with rich soils and areas with least
severe water storage, respectively. Black dots in b represent the observed local tree a-diversity on 1
ha. Figures modified from Hoorn et al. (2010) © Copyright AAAS.
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Beyond the borders of this huge basin, it extends the largest rainforest on Earth, which
holds about 50% of global tropical rainforest (Malhi and Grace 2000), around 30% of
world vascular plants (Dirzo and Raven 2003; Raven et al. 2020), and nearly one third
of world vertebrates and arthropods (Jenkins et al. 2013; Stork 2018). The Amazonian
region, particularly the western part, is considered one of the most biodiverse
terrestrial ecosystems in the world (Myers et al. 2000; Ceballos and Ehrlich 2006;
Killeen et al. 2007b; Hoorn et al. 2010; Figure 2.1). On the other hand, the Amazon
forest is one of the major sources of global terrestrial evapotranspiration (Fisher et al.
2011). High transpiration is closely related to an intense vegetation activity. Therefore,
Amazonian forests account for near 15% of terrestrial photosynthesis (Field et al.
1998) and uptake one-quarter of the total annual atmospheric carbon sequestered by
land (Pan et al. 2011). Thus, the Amazon acts as an atmospheric carbon sink,

offsetting around 10% of global fuel emissions (Phillips et al. 2009; Pan et al. 2011).

2.2 Climatic features of the Amazon
2.2.1 The mean annual climate patterns

The Amazon watershed exhibits a large rainfall spatial variability, with values ranging
from less than 300 mm per year over Andean highlands, to more than 6000 mm per
year at northwestern Amazon (Espinoza et al. 2009b). Particularly, annual
precipitation over the Amazon rainforest is considerably high and varies between
1500-3500 mm per year (Salati and Vose 1984; Laurent 2002; Figure 2.2a). Thus, the
Amazon rainforest is recognized as one of the world’s major convective centers. All
year long, moist laden easterly winds enter to the Amazon basin from the Atlantic
Ocean (Espinoza et al. 2009b; Arraut et al. 2012; Satyamurty et al. 2013; Figure 2.2a).
Once inland, these humid and warm winds gain extra moisture as a consequence of
the high evapotranspiration rates of the Amazonian rainforest (Zemp et al. 2014;
Figure 2.2b). Although most of the atmospheric water in the Amazon comes from the
Atlantic Ocean (Satyamurty et al. 2013), trees evapotranspiration allows this water to
precipitate and to be evapotranspirated several times (Zemp et al. 2014; Staal et al.
2018). In consequence, observations and models estimate that between 25-35% of
Amazonian precipitation is previously transpired by local forest (Eltahir and Bras 1994;
Trenberth 1999; Dirmeyer et al. 2009). Amazonian moisture not only sustains rainfall

in the Amazon rainforest itself, but also in neighboring regions such as La Plata basin,
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the eastern flank of the tropical Andes and the Andean Altiplano (Garreaud et al. 2003;
Van Der Ent et al. 2010; Martinez and Dominguez 2014; Zemp et al. 2014). Through
evapotranspiration, Amazonian rainforest acts as an energy source to the atmosphere.
Thanks to its low albedo (the reflective capacity of a surface), tropical rainforests
present high net surface radiation values, or in other words, high energy available to
evaporate, transpire and conduct heat to the soil underground. Most of this available
energy is consumed in the sum of evaporation of water from the soil and tree canopy,
or transpiration through the tree leaves (von Randow et al. 2004; Bonan 2015). The
energy removed from the surface via latent heat fluxes is subsequently released as
water vapor condenses (Pielke 2001; Costa et al. 2021). This energy liberation warms
the troposphere and engines the regional atmospheric circulation (Gill 1980; Eltahir
1996; Gedney and Valdes 2000; Rodwell and Hoskins 2001).

a b
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Fig. 2.2 Annual mean climatology for: a rainfall (shaded, in mm year) and low-level 925hPa wind
(vectors, in m s1) for the period 1981-2020 from Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) version 2 and the European Centre for Medium-Range Weather Forecast
(ECMWF) ERAS5 reanalysis, respectively; b evapotranspiration (mm year-!) for the period 1980-2020
from the Global Land Evapotranspiration Amsterdam Model (GLEAM). Location of the Amazon basin
is shown in red thick line.

The western Amazonia/eastern Andes is the rainiest area in the basin and one of the
rainiest regions in the world (Figueroa and Nobre 1990; Espinoza et al. 2015; Figure
2.2a). Intense precipitation there produces large runoff and erosion rates (Moquet et
al. 2011; Pepin et al. 2013), controlling the sediment and nutrient load for rivers
downstream in the watershed (Vauchel et al. 2017; Armijos et al. 2020a). Sediments

are transported by Amazon River tributaries from the Andes toward Amazon lowlands
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and the Atlantic Ocean, conforming the largest sedimentary land-sea discharge and
delivering about 20% of the global freshwater streamflow to the oceans (Salati and
Vose 1984; Barthem et al. 2004, Calléde et al. 2010; Armijos et al. 2020a). At the
same time, rainfall over the eastern tropical Andes is sustained by moisture exported
from the Amazon lowlands and transported by the trade winds (Falvey and Garreaud
2005; Poveda et al. 2006; Builes-Jaramillo and Poveda 2018). This exchange of
atmospheric water, runoff and sediments shapes the entangled Andes/Amazon bio-

geophysical system (Poveda et al. 2006; Espinoza et al. 2020; Figure 2.3).
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Fig. 2.3 lllustration of the components of the surface water balance and the atmospheric water balance
in the Andes and Amazonia subregions of the Amazon River basin for the observation data sets
(combination of satellite, reanalysis, models and in-situ measurements). Values are in units of mm yr—1.
The arrow convention in the bottom left represents 1,000 mm yr—1. Figure modified from (Builes-
Jaramillo and Poveda 2018) © Copyright AGU.

2.2.2 Seasonal climatology in the Amazon basin

Seasonality of solar radiation exerts a strong control on the atmospheric circulation
and rainfall over tropical South America. As a result of its large size, encompassing
parts of the northern and southern hemispheres, there is a north-south contrast in the
hydro-climatological annual cycle within the basin (Horel et al. 1989; Figueroa and
Nobre 1990).

During austral winter (June-August), the warming of the northern hemisphere develops

a Hadley-type circulation (a latitudinal movement of the winds at different levels in the

atmosphere) over tropical South America, with the ascending (descending) branch

22



Chapter 2: The Amazon as an essential component of the Earth climate system

and heavy precipitation (dry conditions) between 0°-10°N (20°S-10°S; Figures 2.4a-
b). Subsidence over the central and southern Amazon is associated with clear-sky
conditions, which increases the solar radiation at the surface and enhances
evapotranspiration during the dry season (Betts and Silva Dias 2010; Figure 2.4c).
Despite the small rainfall rates observed during this season, the deep forest rooting
system allows forest to extract water from the deep soil and sustain evapotranspiration
(Shuttleworth 1988; Nepstad et al. 1994; da Rocha et al. 2004).

Between September-November, the continental part of the cloud and rainfall band
known as the Intertropical Convergence Zone (ITCZ; blue band around 10°N in Figure
2.4a for SON) migrates southward following the solar radiation maximum. As a
consequence, more humid and warmer winds enter to the basin from the north Atlantic
Ocean (Figure 2.4a), moistening the lower troposphere and the Planetary Boundary
Layer (PBL), the lowest part of the atmosphere which is directly influenced by the land
surface (Fu et al. 1999). This atmospheric moistening increases the potential energy
available for convection in the Amazon and helps to trigger the rainy season onset, in
a first stage by the increase of local surface fluxes via rainforest evapotranspiration
(Fu and Li 2004; Li and Fu 2004; Wright et al. 2017), and subsequently by the moisture
advection from the large-scale circulation (Fu et al. 1999). During these months, about
70% of the regional rainfall comes from the local rainforest transpiration, consisting in
the maximum rainfall recycling ratio along the year (Staal et al. 2018). Indeed,
measurements from eddy covariance flux towers have demonstrated how the highest
evapotranspiration rates lead the rainfall increase during the dry-to-wet transition
season in the Amazon (da Rocha et al. 2004; Hasler and Avissar 2007).

The wet season over central and southern Amazon basin occurs in the austral summer
(December- February; Figure 2.4b), when the South American Monsoon System
(SAMS) is developed. The SAMS is featured by the occurrence of several regional
atmospheric phenomena on an intra-seasonal scale, among which are the north-south
low-level flow east of the Andes known as the South American Low-Level Jet (SALLJ;
Berri and Inzunza 1993; Vera et al. 2006a, b; M Silva et al. 2009), the northwest-
southeast band of convective activity extending from the continent towards the tropical
south Atlantic, named the South Atlantic Convergence Zone (SACZ; Kodama 1992),

and the upper-troposphere anticyclonic circulation known as the Bolivian High (see
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Chapter 4 for details of the summer circulation). These atmospheric structures are
characterized by low-level northerly winds entering the basin from the north Atlantic
Ocean, low-level moisture convergence, intense ascending motion and heavy
precipitation in the region that accounts for near 50% of the total annual precipitation
(Espinoza et al. 2021). With the widespread precipitation, cloud area increases, and
less solar radiation reaches the ground. As a consequence, rainforest
evapotranspiration is limited (Vourlitis et al. 2002; Hutyra et al. 2005; Juarez et al.
2007) and the fraction of Amazonian recycled rainfall is minimum during this season

(Staal et al. 2018). Groundwater recharge during this season is crucial for sustaining

forest evapotranspiration during the next dry season (Juarez et al. 2007; Miguez-
Macho and Fan 2012a).
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evapotranspiration dataset is the Global Land Evapotranspiration Amsterdam Model.
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Precipitation maximum during March-May is observed over the Amazon delta
associated with the latitudinal migration of the continental ITCZ (Figure 2.4b; Espinoza
Villar et al. 2009a). Associated with large-scale rainfall events, radiosonde and ground-
based measurements show dust and aerosols originated from northern Africa are
deposited over the central Amazon conforming a potential nutrient source for the local
rainforest (Swap et al. 1992; Formenti et al. 2001; Rizzolo et al. 2017). Additionally,
the forest canopy produces biogenic aerosols that are transported upward in the
atmosphere by convective air masses and are a key ingredient for cloud formation
(Poschl et al. 2010; Poéhlker et al. 2018).

For the above, the Amazon rainforest is considered an essential component of the
Earth system (Bonan 2008b; Malhi et al. 2008a). Paleoclimate records suggest that
the Amazon rainforest has been part of the climate system for at least the last 55
million years (Maslin et al. 2005). However, current anthropogenic pressures such as
deforestation and global warming, as well as climate change and recent trends in
extreme events rise the concern on the impacts of the Amazonian degradation on the
regional and global climate (Malhi and Wright 2004; Cox et al. 2008; Davidson et al.
2012; Brienen et al. 2015; Marengo and Espinoza 2016).

2.3 Recent environmental change in the Amazon basin

The threats acting on the Amazon are numerous, complex and involve the big
problems that humanity faces today. Global warming, the unsustainable consumption
of natural resources, food and energy production, and water security are pushing the
Amazon ecosystem toward irreversible changes (Tian et al. 2000). In the first half of
this subsection we summarize the recent observed trends in the hydroclimate of the
Amazon basin. The second part is focused in describing the evolution of deforestation

in the Amazon.

2.3.1 Recent observed changes in Amazon hydroclimate

The natural climate variability in the Amazon at inter-annual and inter-decadal scales
is closely linked to conditions in the sea surface temperatures (SSTs) over the Pacific
and Atlantic oceans (Kousky et al. 1984; Aceituno 1988; Richey et al. 1989; Marengo
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1992, 2005; Marengo and Hastenrath 1993; Yoon and Zeng 2010b; Cai et al. 2020).
Recent changes in tropical oceanic SSTs have been observed during the last four
decades (Servain et al. 2014; Li et al. 2016). The underlying causes of these involve
the anthropogenic influence through aerosol (Booth et al. 2012) and greenhouse
gases emissions (Du and Xie 2008; Dong et al. 2014). The warming of the North
Atlantic and Indian oceans, and the cooling of the central-eastern Pacific have led to
an SST dipole and have enhanced the Walker circulation in the period 1992-2011
(McGregor et al. 2014; Figure 2.5). All these changes in oceanic surface conditions
and the atmospheric response have perturbated the Amazon hydrology in several

ways.
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Fig. 2.5 a Trends in local Walker circulation (shading) during the wet season (December to February)
for the period 1990-2015 based on meridionally averaged (10°S-10°N) zonal vertical mass flux in the
ERA-Interim (ERA-I) reanalysis. Vectors represent the wet season climatological zonal wind and the
vertical velocity scaled by a factor of -50. b Observed wet season SST trends from the Extended
Reconstructed SST dataset (ERSST). Schematic representation of the overturning Walker cells in blue.
Modified from Barichivich et al. (2018) © Copyright 2018 AAAS.

The hydrological cycle in the Amazon has intensified since the 1990s, with an increase
in the frequency of extreme events (Espinoza et al. 2009a; Gloor et al. 2013; Marengo
and Espinoza 2016). As a result of the North Atlantic warming, an intensification of the
Walker and regional Hadley cells have resulted in an enhanced convection
(subsidence) over northern (southern) Amazonia (Arias et al. 2015; Espinoza et al.
2016, 2019b, a, 2021; Wang et al. 2018; Barichivich et al. 2018; Segura et al. 2020;
Figure 2.6). As a consequence, a differentiated spatial pattern has emerged over the
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basin, with a wetter northwestern Amazon experiencing increased rainfall, streamflow,
and frequency of wet days and with a drier southeastern Amazon (Espinoza et al.
2009a; Gloor et al. 2013; Marengo and Espinoza 2016; Barichivich et al. 2018;
Haghtalab et al. 2020; Heerspink et al. 2020; Funatsu et al. 2021; Figure 2.6). Whereas
the northern part of the basin has experienced 9 extreme floods during the last 20
years, which corresponds to the same number of extreme floods recorded during the
whole XXth century (Espinoza et al. 2022), the duration of the dry season over the
southern part of the Amazon has increased about 1 month during the period 1979-
2011 (Dubreuil et al. 2012; Marengo et al. 2012; Fu et al. 2013; Correa et al. 2021).
Consistently, extreme droughts and wild fires have become more frequent in the
southern Amazon (Alencar et al. 2015; Marengo and Espinoza 2016), causing an
increase in tree’s mortality (Brando 2014; Brienen et al. 2015) and releasing tons of

carbon dioxide to the atmosphere (Aragao et al. 2018).
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Fig. 2.6 Slope of change in streamflow (mm yr) for: a annual, b wet season, and ¢ dry season periods
between 1980 and 2014 for a combination of stream gauging stations, satellite precipitation data from
the Tropical Rainfall Measuring Mission (TRMM), satellite groundwater estimations from the Gravity
Recovery and Climate Experiment (GRACE) and evapotranspiration estimates from the Moderate
Resolution Imaging Spectroradiometer (MODIS). Sub basins are drawn as polygons. Catchment areas
in solid gray have no significant trend at the p=0.1 level. Stipple patterned areas fall outside the
catchments. Modified from Heerspink et al. (2020) © Copyright 2020 Elsevier.

At present, the Amazon forest acts as a carbon sink (Pan et al. 2011; Ballantyne et al.
2012; Le Quéré et al. 2013), and it soils and trees store about 150-250 PgC (Malhi et
al. 2006; Feldpausch et al. 2012). Nevertheless, the observed tree mortality could turn
the Amazon into a carbon source, what can generate a positive feedback accelerating
climate change (Phillips et al. 2009; Brienen et al. 2015). This phenomenon has been
observed under severe dry years as 2005 (Phillips et al. 2009) or 2010 (Lewis et al.

2011). One of the tree’s mortality drivers is the air temperature (Toomey et al. 2011).
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Water loss from the tree leaves depends on the water pressure difference between
the canopy and the surrounding air. Higher temperatures increase tension in the inner
conducting tree’s vessels and can end in creation of air bubbles and embolism death
(Anderegg et al. 2012). On the other hand, temperatures above 28°C cause a damage
in the photosynthetic ability of tropical forests (Sastry and Barua 2017). The Amazon
has suffered a continuous warming since the beginning of the XXth century (Victoria
et al. 1998), with a recent acceleration since 1980 as a consequence of the
anthropogenic greenhouse effect (Malhi and Wright 2004). Surface heating is
exacerbated by the replacement of forest cover with cropland (Gash and Nobre 1997;
Nobre et al. 2016). In this sense, there is a mixture of global and local perturbation

signals acting simultaneously over the Amazon ecosystem.

2.3.2 Deforestation evolution in the Amazon basin

Humans are present in the Amazon basin since thousands of years. However, the
anthropogenic activity has become an important force for the ecosystem only during
recent decades (Fearnside 2005; Davidson et al. 2012). First forest exploitations date
back to the XVIth century with the arrival of Portuguese navigators (Cameron 2018).
By the XIXth and the beginning of the XXth century, large agricultural plantations
spread throughout Central and South America (Pielke et al. 2011). Rubber, sugar cane
and coffee plantations cut down millions hectares of forest during this period (Mather
1990; Williams 2000). Five centuries of European colonization deforested a total area
slightly larger than Portugal, with deforestation centers concentrated over coast and
river areas (da Costa 1988; Machado 1998; Fearnside 2005; Etter et al. 2008).

After 1950, the dynamics and drivers of the Amazonian forest loss changed
dramatically. The implementation of settlement policies by the Brazilian government
prompted the construction of highways connecting the Amazon with the rest of the
country (Schmink and Wood 1992; Aguiar et al. 2007). At the same time, economic
incentives boosted the forest clearing in the region until the 1980s (Mahar 1979; Hecht
2005; Fearnside 2005). As a consequence, population in the region increased from 6
million in the 1960s to 25 million in 2010 (Davidson et al. 2012). By the 1990s, the loss
of native vegetation start to be dominated by global market forces and the growing

demand of beef, soybeans and agricultural products (Becker 2005; Nepstad et al.
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2006; Killeen et al. 2007a). However, this model of rural development in the Amazon
is outdated, not very productive and has not resulted in wealth creation or better living
conditions for the people of the Amazon (Fillion et al. 2009; Kahn et al. 2014; Nobre
et al. 2016).
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Fig. 2.7 Time evolution of deforestation in the Brazilian Amazon in km?2. Data obtained from the Satellite
Deforestation Monitoring Project PRODES.

Between 2004 and 2013, Amazon deforestation rates exhibited a significant reduction
of near 80% (Diniz et al. 2015; Assuncéo et al. 2015; Figure 2.7). Among the causes
behind this slowdown in forest loss are the implementation of a satellite monitoring
system, law enforcements by the Brazilian government, the creation and expansion of
protected areas, and interventions in soy and beef supply chains (Nepstad et al. 2014).
Nevertheless, deforestation rates have risen again as a result of policy mechanisms
in the Brazilian Amazon, small scale mining and oil palm crops in Peruvian piedmonts,
as well as an expansion of the colonization front in Colombia (Asner et al. 2013;
Armenteras et al. 2013; Kalamandeen et al. 2018; Amigo 2020). Indeed, 2019
exhibited the largest forest loss in the last decade (Amigo 2020; Silva Junior et al.
2021; Figure 2.7). Converting forest into cropland/grasslands has significant impacts
on local and regional climate (Hartmann et al. 2013; Mahowald et al. 2017), as will be
described in the next subsection.
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2.4 How deforestation in the Amazon impacts the local,
regional and global climate?

The loss of the Amazonian tropical forest may generate profound disturbances in the
ecological, hydrological and climatic functioning of the Earth system at different scales
of time and space. In the present section, we describe the observed changes induced
by Amazonian deforestation on the local microclimate. The projected impacts of large-
scale deforestation on the regional and global climate are also discussed according to

model experiments.

2.4.1 Impacts of the observed deforestation on the Amazon at
local and meso scales

Deforestation in the Amazon basin consists mainly in the replacement of natural
rainforest by soy croplands or un-irrigated pasture lands for cattle ranching (Davidson
et al. 2004; Nepstad et al. 2006, 2014). This land use change modifies the biophysical
properties of the surface and perturbs the land-atmosphere energy and water
exchanges. Thanks to the scientific effort made in the 1990’s and the early 2000’s
through two field campaigns over forested-deforested paired sites in the Amazon, the
Anglo-Brazilian Amazonian Climate Observational Study ABRACOS and the Large-
Scale Biosphere Atmosphere LBA project, the local effects of deforestation are now
better understood. Deforested areas present different biophysical properties such as
changes in albedo, thermal emissivity (effectiveness of a surface in emitting energy as
thermal radiation), roughness length (related to the vertical height of surface
vegetation) among others (Culf et al. 1995; Wright et al. 1995; Gash and Nobre 1997;
von Randow et al. 2004). A brief summary of the observed local-scale effects of
deforestation over the Amazon is described in Chapter 4. A more complete description
of this can be found in Gash and Nobre (1997).

The conversion of forest to cropland/grassland also involves alterations under a
biogeochemical point of view. Amazonian rainforest supports its high productivity,
partially thanks to its phosphorus recycling capacity (Cuevas and Medina 1988;
Markewitz et al. 2004). In this sense, while forest are more limited by nitrogen,

deforested pastures are limited by nitrogen and phosphorus at the same time
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(Davidson et al. 2004). In addition, the nitrogen dynamics is also perturbed by
deforestation (Davidson et al. 2004; Figueiredo et al. 2019). In-situ measurements
found that regrowth forest presents only about half of the nitrogen mineralization
compared to undisturbed forest (Figueiredo et al. 2019). On the other hand, the forest
loss induces less uptake or even an emission of methane from the vegetation cover
(Bustamante et al. 2009), what contributes to the observed rising in the atmospheric

concentration of this greenhouse gas (Gulev et al. 2021) .

At local scales, in-situ observations have shown that forest loss leads to a drier and
warmer conditions, with a reduced latent heat flux and an enhanced sensible heat flux
(Wright et al. 1995; von Randow et al. 2004). As a result, the PBL grows faster and
deeper over deforested areas during the dry season (Culf et al. 1996; Gash and Nobre
1997). These local perturbations force thermally driven mesoscale circulations
(circulation of the order of 50 km or more), with air masses moving from the forested
cooler surrounding areas toward the deforested warmer patches, increasing shallow
convection and cloudiness over the deforested land (Cutrim et al. 1995; Chagnon et
al. 2004; Negri et al. 2004; Wang et al. 2009). The deforestation-induced mesoscale
circulation has been reproduced by climate models (Dias and Regnier 1996; Wang et
al. 1996; Baidya Roy and R. 2002), what proves the models potential as tools for
understanding the possible impacts of a larger deforestation.

2.4.2 Mesoscale, regional and global effects of Amazonian
deforestation

Early modelling studies explored the effect of idealized complete removal of
Amazonian rainforest on the regional climate using Global Climate Models (GCMSs) or
Regional Climate Models (RCMs). Annual reductions (increment) in precipitation and
evapotranspiration (surface temperature) are projected by climate models under these
deforestation scenarios (Lean and Warrilow 1989; Shukla et al. 1990; Nobre et al.
1991; Dickinson and Kennedy 1992; Henderson-Sellers et al. 1993; Polcher and Laval
1994; Polcher 1995). Since the forest clearance affects deep convection in the
Amazon, the high-level tropical outflow of energy is perturbated generating
teleconnections with mid and high latitudes (Snyder 2010a). Many works have found

a weakening of the regional Hadley cell, what induces a Rossby wave response in the
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upper troposphere propagating the deforestation signal outside the tropics (Zhang et
al. 1996; Sud et al. 1996; Gedney and Valdes 2000; Badger and Dirmeyer 2016). A
similar mechanism was proposed theoretically by Gill (1980). Nevertheless, there are
discrepancies among the different studies in the magnitude of the extratropical
response to the land-use change in the Amazon and/or in the tropics (Zhang et al.
1996; Werth and Avissar 2002; Hasler et al. 2009). These pioneering studies, as well
as studies based on GCMs, have limitations such as the coarse horizontal resolution
(grid-cells sizes between 100 km and 500 km), what causes unrealistic deforestations

scenarios and masks the differential spatial climatic response to the forest loss forcing.

Fig. 2.8 Effects of tropical deforestation on rainfall. Deforestation leads to reduced evapotranspiration
(E), resulting in a warmer land surface (red soil). Small patches of deforestation (<100 km) cause
atmospheric circulations leading to regions of increased (blue) and decreased (red) rainfall. At larger
scales, deforestation reduces rainfall recycling, leading to reduced regional rainfall (P). Adapted from
Spracklen et al. 2018 © Copyright 2018 Annual Reviews.

With the advancement of computer science and the improvement of model horizontal
resolution, more land-atmosphere feedbacks are now represented by climate models.
Mesoscale and local phenomena such as orographic lifting and cumulus convection
can be explicitly solved by the new high resolution climate models (Dai 2006; Tai et
al. 2021; Junquas et al. 2022). This particularly favors the representation of
atmospheric processes in regions with complex topography such as the western
Amazon, where the Andes mountain chain stands and where the exchange of water,

sediments and nutrients between the Andes and the Amazon lowlands takes place
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(Poveda et al. 2006; Builes-Jaramillo and Poveda 2018). In fact, the effects of
deforestation on the Amazon-Andes coupled system have been poorly explored and
is one of the questions addressed in this thesis. On the other hand, a finer horizontal
resolution also makes it possible to implement spatially distributed deforestation
scenarios based on observed trends of forest loss in the region (Soares-Filho et al.
2006; Alves et al. 2017; Eiras-Barca et al. 2020). Thanks to the use of more realistic
forest clearance scenarios, in conjunction with theoretical works, it is well known now
that the impacts of Amazonian deforestation are not linear with respect to the size of
the deforested area. Whereas small and medium-scale deforestation (up to a cleared
area conforming 20-30% of the total Amazon basin area) increases local convection,
rainfall and cloud formation over the cleared areas (Medvigy et al. 2011; Nobre et al.
2016), large-scale deforestation seems to lead to a general rainfall reduction in the
region (Lejeune et al. 2015; Lawrence and Vandecar 2015; Figure 2.8). This has led
to the development of the ‘tipping point’ concept (section 1.2), a threshold of
deforested area that, if reached and surpassed, dramatic nonlinear precipitation
decreases would lead to irreversible and permanent drier conditions in the ecosystem
(Avissar 2002). For the Amazon, modelling and observational studies suggest a 40%
of total forest loss as a tipping point driving the rainforest toward a savanna dominated

ecosystem (Sampaio et al. 2007; Hirota et al. 2011).

In spite of the expected precipitation decrease over Amazonia under large-scale
deforestation scenarios, the spatial pattern of rainfall changes within the basin is
model-dependent. For this reason, it has been suggested that using high resolution
models with state-of-the-art land surface schemes is crucial for the representation of
the underlying mechanisms leading the climatic changes (Lejeune et al. 2015). In
addition, most works on Amazonian deforestation using climate models have focused
on the alterations in the annual mean and/or seasonal climate, while the changes in
the underlying intra-seasonal atmospheric phenomena remain poorly studied. Thus,
in the following chapters we explore two main scientific questions: first, we are
interested in how the Amazonian forest loss impacts the regional and local climate at
seasonal and intra-seasonal time scales, and secondly, what are the effects of the
Amazonian forest loss on the hydroclimatic coupling between the Amazon and the

tropical Andes.

33



Chapter 2: The Amazon as an essential component of the Earth climate system

2.5 Regional climate models, lands surface models and
configurations used in this thesis

To answer the main scientific questions of this thesis we rely on simulations with
different climate models, different configurations, spatial resolutions and geographical
domains. In this subsection we present a guide to the details of the configurations and

models used in each chapter.

In the first part of the thesis (Chapter 3), which seeks to evaluate the impacts of
Amazonian deforestation on the regional atmospheric circulation at intra-seasonal
time scales and on the rainy season onset in the southern Amazon. To this, we use
the Regional Earth System Model of the Institute Pierre Simon Laplace (RegIPSL). As
an Earth system model, RegIPSL couples three different models through the OASIS-
MCT coupler (Craig et al. 2017): the Weather Research and Forecasting Model (WRF)
for the atmosphere(Skamarock et al. 2008, 2019), the ORganising Carbon and
Hydrology In Dynamic EcosystEms (ORCHIDEE) for the land surface (Krinner et al.
2005), and the Nucleus for European Modelling of the Ocean (NEMO) model for the
ocean (Madec et al. 1998).

Land surface processes play a key role for determining the surface boundary
conditions to the lower atmosphere, the Planetary Boundary Layer, as well as clouds
and precipitation processes. Thus, the modeling of surface processes is fundamental
for a good representation of atmospheric dynamics (Avissar and Pielke 1989; Chen
and Avissar 1994). ORCHIDEE is a complex land surface model that incorporates
land-atmosphere interchanges of water, energy and carbon, the competition of
different functional types of plants (dynamic vegetation model), and a simple lateral
water transfer scheme based on flow direction, topography and channel length. This
lateral scheme simulates the water exchange between hydrological transfer units
through three reservoirs: the stream, the surface runoff and the drainage. The soil is
discretized in ORCHIDEE in 11 layers reaching at least 2 m down within the soil for
the representation of the water balance and at least 10 m down for the soil
temperature. This model has been used and tested in the Amazon region in previous
works (Guimberteau et al. 2012, 2017). For this reason, we select RegIPSL for

representing land surface processes under a land-cover forcing such as a
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deforestation experiment. This simulation uses spectral nudging at scales above 1200
km over horizontal winds and temperature (von Storch et al. 2000). In this way, we
impose a consistency between the lateral boundary conditions and the regional
climate model simulated fields. However, the freedom of the model is reduced what

can dampen the deforestation signal in the upper parts of the troposphere.

On the other hand, in Chapter 4 we assess the impacts of the rainforest clearance on
the hydroclimatic connectivity between the Amazon and the tropical Andes, particularly
over the eastern flank of the Andes and certain Andean valleys. This is a region with
complex topography, where local processes such as mechanical channeling or
thermally induced circulations (anabatic and katabatic winds) are important. Thus, we
need to perform high resolution simulations. As a consequence, we implement a
different configuration of the model. In this chapter we couple WRF with the land
surface model NOAH (Chen and Dudhia 2001) taking advantage of the fact that this
configuration has already been used with good results in high resolution simulations
over the region of interest (Junquas et al. 2018). However, several tests altering the
cumulus convection and PBL parameterizations were performed, aiming a realistic
representation of rainfall in the region. Additionally, we activate a wind correction that
improves the simulated wind field over complex terrains taking into account the steep
topography of the interest region (Jiménez and Dudhia 2012).

The NOAH land surface model also presents a soil depth of 2 m depth but discretized
in only four soil layers. A brief summary with the models and the main configuration
features used in the present thesis is shown in Table 2.1. In Chapter 5 we compare
the outputs of the two model configurations in the assessment of the Amazon
deforestation effects on the atmospheric processes that drive rainfall in the upper

southern tropical Andes.

Table 2.1 General characteristics of the land surface and atmospheric models used in the thesis

Chapter Land surface model Atmospheric model
Chapter 3 | ORCHIDEE <o WRF
ol .
depth (m) 2 Version 3.7.1
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Soil 11 Spgtlal domains/ South
Horizontal American
layers resolution (km) continent/ 20
Spectral nudging | Yes
Wind No
topographic
correction
Cumulus Grell Freitas
parameterization
PBL Meyor
parameterization vamada
MYNN 2
Chapter 4 NOAH WRF
Soil .
depth (m) 2 Version 4.1
Tropical
Soil 4 Spatial domains/ | northern
Horizontal South
layers resolution (km) America/ 15
Amazon-
Andes
transition
region /5
Bolivian
Andes /1
Spectral nudging | No
Wind Yes
topographic
correction
Cumulus Grell 3D
parameterization
PBL Yonsei
parameterization | University
scheme
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3.1 Introduction

Deforestation can have significant impacts on the climate system at different spatial
and temporal scales. As described in Chapter 2, the effects of the Amazonian
rainforest loss depend on the size of the deforested patch in non-linear ways. This
topic has been extensively explored due to the constant expansion of the forest
cleared areas and to the scientific concern about the existence of thresholds in the
climatic system which, if surpassed, can drastically change the conditions of the
biggest rainforest on Earth and could turn large parts of it into dry savannas (Chapter
1).

Similarly, deforestation effects on the atmospheric conditions vary depending on the
analyzed time scale. This time-scale dependency of the deforestation impacts is in
general a less explored question, in part due to the large computational resources
needed in this regard. For instance, although several studies find a decrease in
precipitation and an increase in the surface temperature with large-scale deforestation
in the annual mean conditions over the Amazon basin (e.g. Henderson-Sellers et al.
1993; Costa and Foley 2000; Kleidon and Heimann 2000; Lejeune et al. 2015; Eiras-
Barca et al. 2020), this deforestation-induced perturbations can be different for a
specific season, month or for atmospheric phenomena acting at higher temporal
scales (e.g. Badger and Dirmeyer 2016; Eiras-Barca et al. 2020). Regional/continental
climatic conditions at a seasonal or monthly scales are averages of more fundamental
atmospheric phenomena acting from daily to decadal time scales (e.g. Espinoza et al.
2012, 2021; Moron et al. 2015; Paccini et al. 2018). Therefore, in this chapter we
explore how the tropical forest loss can impact these underlying atmospheric states.
To our knowledge, it is the first time that the impacts of Amazonian deforestation on
atmospheric states acting from daily-to-decadal scales are evaluated. We use the
partition of the atmospheric variability into recurrent and well-defined atmospheric
situations to assess the potential effects of deforestation on the wet season onset over
the southern Amazon. The results of this chapter have been submitted for publication
in the journal Climate Dynamics in an article entitled ‘Impacts of land-surface
heterogeneities and Amazonian deforestation on the wet season onset in

southern Amazon’.
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3.2 Impacts of land-surface heterogeneities and
Amazonian deforestation on the wet season onset in
southern Amazon

Juan P. Sierra, Jhan C. Espinoza, Clementine Junquas, Sly Wongchuig, Jan
Polcher, Vincent Moron, Lluis Fita, Paola A. Arias, Anthony Schrapffer, Romain
Pennel

Article submitted to the journal Climate Dynamics on the 2" of August 2022

3.21 Introduction

The Amazon rainforest is an important driver in the climate system. Exchanges of
water and energy within and through the borders of the largest tropical rainforest in
the world help to sustain the atmospheric circulation in the tropics and precipitation in
the South American continent (Gill 1980; Eltahir and Bras 1994, Eltahir 1996; Gedney
and Valdes 2000; Bonan 2008a; Fisher et al. 2011; Zemp et al. 2014). The constant
anthropogenic pressures such as deforestation, global warming and the increase in
the extreme weather and climate events during the last decades threaten this mega
biodiverse ecosystem and raise the concern on the possible impacts of the Amazonian
degradation on the regional and global climate (Malhi and Wright 2004; Cox et al.
2008; Malhi et al. 2008b; Brienen et al. 2015; Shukla et al. 2019; Arias et al. 2021).

During the last six decades, population growth, agriculture and cattle ranching
expansion, logging, mining, as well as road and dam building have led to continuous
deforestation in the Amazon region (Fearnside 1993; Hutyra et al. 2005; Nepstad et
al. 2008; Latrubesse et al. 2017). By the year 2011, around 87% of the Amazon basin
was still covered by original forest (Davidson et al. 2012) while it has been reduced to
83% in 2020 (Eiras-Barca et al. 2020). Major clearance areas are located in the
southern and eastern parts of the basin conforming the so called ‘arc of deforestation’
(Malhi et al. 2008b; Leite et al. 2011; Davidson et al. 2012). The southern Amazon,
which encompasses between 30-40% of the basin, has experienced one of the most
rapid agricultural expansion in the world (Salazar et al. 2007; Instituto Nacional De

Pesquisas Espaciais 2014). Taking into account that observations and models
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estimate that between 24-41% of the Amazonian precipitation originates from local
evapotranspiration (Salati et al. 1979; Eltahir and Bras 1994; Dirmeyer and Brubaker
2007; Van Der Ent et al. 2010; Staal et al. 2018; Dominguez et al. 2022), deforestation
could have profound implications in the regional hydrology.

The southern Amazonia, defined here as the region between 5°S-15°S and 70°W-
50°W (Figure 3.1a-b), is characterized by a strong rainfall annual cycle and a weak
evapotranspiration seasonality (Figure 3.2a-b, respectively), both driven by the
seasonal warming and the establishment of regional-scale features such as the South
American Monsoon System (SAMS) (Horel et al. 1989; Figueroa and Nobre 1990;
Liebmann and Marengo 2001; Espinoza et al. 2009a). The dry season in the region
occurs between June-August, when rainfall rate is around 1 mm day-1 (Figure 3.2a).
As a consequence of water and energy limitations, evapotranspiration is minimum
during these months (Juarez et al. 2007; Figure 3.2b). A rapid precipitation increase
from August to October characterizes the dry-to-wet transition period (Marengo et al.
2001). At the same time, evapotranspiration rises following the increments in
precipitation, incoming solar radiation and net surface radiation (Figures 3.2c and 3.2i;
Myneni et al. 2007), what contributes to preconditioning the atmosphere for the arrival
of the wet season (Fu and Li 2004; Yin et al. 2014; Wright et al. 2017). Many authors
suggest that the evapotranspiration increase during this period can moisten the
boundary layer and increase the available potential energy of the lower troposphere
(Fu et al. 1999; Fu and Li 2004; Li et al. 2006). Cold fronts entering to Amazonia from
the extratropics lift warm and humid surface air over the southern Amazon, and trigger
deep convection setting up the wet season onset (Li et al. 2006; Espinoza et al.
2013a). Rainy events associated with cold intrusions during the early wet season
warm the atmosphere through diabatic heating driving the reversal of the cross-
equatorial flow and enhancing advection of moisture laden winds from the Atlantic
Ocean in a positive feedback (Wang and Fu 2002). As a result, the core of the wet
season is observed during December-February, when precipitation reaches more than
8 mm day! (Figure 2a; Marengo et al. 2001; Gan et al. 2004; Yin et al. 2014).

Drier conditions have been reported over the southern Amazon in the recent decades
in terms of: (i) an increase in dry days frequency during the dry-to-wet transition period

(Espinoza et al. 2019a; Funatsu et al. 2021); (ii) an increase in tree’s mortality and
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biomass degradation (Brienen et al. 2015); and (iii) shorter wet and larger dry seasons
since the 1970’s (Phillips et al. 2009; Fu et al. 2013; Debortoli et al. 2015; Arias et al.
2015; Correa et al. 2021). This lengthening of the dry season is related to multiple
causes that include alterations in the entrance of cold fronts to the Amazon basin and
the latitudinal location of the Southern Hemisphere subtropical jet (Fu et al. 2013), the
Atlantic and Pacific sea surface temperatures and its inter-annual/decadal variability
(Arias et al. 2015; Marengo et al. 2017), atmospheric circulation changes in the Hadley
and Walker cells (Yoon and Zeng 2010a; Barichivich et al. 2018; Agudelo et al. 2019;
Espinoza et al. 2021) and the human induced influence of the forest-to-cropland
conversion (Butt et al. 2011; Debortoli et al. 2015; Ruiz-Vasquez et al. 2020). Natural
forests over the region are vulnerable to a lengthening of the dry season and to
reductions in total annual rainfall (Da Silveira Lobo Sternberg 2001; Sombroek 2001;
Staver et al. 2011; Guan et al. 2015). Indeed, year-to-year variations in the onset of
the wet season affects river flows, fire risk, small-scale agriculture, methane emissions
due to alterations of the flood pulse and the inter-annual variability of the global
atmospheric CO2 concentrations (Cochrane et al. 1999; Asner 2009; Lee et al. 2011,
Chen et al. 2011; Molina-Carpio et al. 2017; Melack et al. 2022). Although in
agreement with observations, coupled biosphere-atmosphere models suggest a delay
in the date of the wet season onset under deforestation scenarios (Costa and Pires
2010; Boisier et al. 2015; Nobre et al. 2016; Alves et al. 2017; Ruiz-Vasquez et al.
2020), these works are limited by the fact that they are based on the analysis of

modeled parameterized rainfall with coarse horizontal resolutions.

Among all the perturbations induced to surface energy and water fluxes by forest loss,
deforestation decreases the net radiative energy at the surface, and consequently the
evapotranspiration and latent heat flux according to flux-tower and satellite-derived
data (von Randow et al. 2004, 2020; Khand et al. 2017; Baker and Spracklen 2019;
Oliveira et al. 2019; Laipelt et al. 2020). A reduction in the vegetation’s transpiration
(the water loss through the plant’s leaves) is caused also by the reduced soil-water-
uptake capacity of the shorter crop roots (Neill et al. 2013; Caioni et al. 2020). On the
other hand, deforestation favors the occurrence of shallow clouds and reduces deep
convection activity during the dry and dry-to-wet transition season (Wang et al. 2009).
Both evapotranspiration and deep convection during these particular months are

important for the onset and evolution of the rainy season. Thus, in this study we
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analyze how deforestation can perturb the onset and development of the wet season

in southern Amazonia.

A recent study has explored the observed dry season lengthening over the southern
Amazon under a pattern recognition framework of weather typing or atmospheric
circulation patterns (CPs) approach (Espinoza et al. 2021). The CPs can be
understood as regional-scale circulation anomalies which are recurrent and
correspond to preferred states of the climate system (Moron et al. 2008, 2015;
Espinoza et al. 2021). Espinoza et al. (2021) explained the lengthening of the dry
season in the southern Amazonia in terms of an increased frequency of a particular
CP linked to enhanced subsidence over southern tropical South America and a
decreased occurrence of a CP characterized by the entry of cold intrusions and
convective activity over the region (Figure 2 in Espinoza et al. 2021). Taking into
account that wind circulation is usually better represented by climate models in
comparison with precipitation (Kendon et al. 2012; Flato et al. 2013; Fosser et al. 2015;
Pichelli et al. 2021; Ban et al. 2021), using the circulation pattern approach results
attractive to explore deforestation experiments with a regional climate model.
Therefore, this study evaluates the impacts of Amazonian deforestation on the onset
and evolution of the rainy season in the southern Amazon, based on CPs, using a
control and a deforested experiment with the Regional Earth System Model of the
Institute Pierre Simon Laplace (ReglPSL). This work is organized as follows: the
control and deforestation experiments, as well as the data and methods are described
in section 3.2.2; section 3.2.3 is dedicated to validating the model in terms of (i) the
annual cycle of rainfall and surface fluxes in the southern Amazon, (ii) the regional
atmospheric circulation variability through the CPs, and (iii) the conditions in the
atmospheric circulation states, rainfall and evapotranspiration during the onset of the
wet season; we end the section with a discussion of the role of the land-surface
heterogeneities on the development of the wet season onset; in section 3.2.4, we
assess the impacts of deforestation on the evolution of the Amazonian wet season;

finally, section 3.2.5 discuses and summarizes the main results.
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3.2.2 Data and methods

3.2.2.1 Model description

ReglIPSL (https://gitlab.in2p3.fr/ipsl/Imd/intro/regipsl/regipsl/-/wikisslhome) is an Earth
system model that couples the atmospheric model Weather Research and Forecasting
Model (WRF), the land surface model ORganising Carbon and Hydrology In Dynamic
EcosystEms (ORCHIDEE), and the oceanic model Nucleus for European Modelling of
the Ocean (NEMO). The coupling between the different modules of the model is
performed by OASIS-MCT (Craig et al. 2017) and input/output is done via the XML-
IO-SERVER (XIOS, https://forge.ipsl.jussieu.fr/ioserver). However, the present work

does not use the oceanic component.

The atmospheric regional climate model WRF version 3.7.1 is used in this study
(Skamarock et al. 2008). The WRF model can be implemented for both research and
forecast activities. WRF is extensively used to dynamic downscaling purposes in
South America (e.g. Spera et al. 2018; Trachte 2018; Posada-Marin et al. 2019;
Saavedra et al. 2020; Junquas et al. 2022; Rosales et al. 2022; Dominguez et al. 2022)
and to analyze deforestation impacts on the regional climate (e.g. Bagley et al. 2014;
Eghdami and Barros 2019; Eiras-Barca et al. 2020; Sierra et al. 2021). This is a non-
hydrostatic model with terrain-following vertical coordinates. In our configuration, the
model presents 50 vertical levels (model top at 10 hPa), a 60s running time step and
a horizontal resolution of 20 km x 20 km encompassing the South American continent

(Figures 3.1a-b). Table 3.1 summarizes the general configuration of the model.

After different preliminary sensitivity tests (not shown), the physical parameterizations
chosen in this work include the RRTMG radiation scheme (lacono et al. 2008), the
Morrison 2-moment scheme for cloud microphysics and dynamics of water species
(Morrison et al. 2009), the Mellor Yamada MYNN level 2 scheme for the planetary
boundary and surface layers (Nakanishi and Niino 2006) and the convection scheme
Grell Freitas (Grell and Freitas 2014). To simulate the effects of land cover change on
the interactions between soil/vegetation and the atmosphere, WRF is coupled with the
land surface model ORCHIDEE (Krinner et al. 2005; Maignan et al. 2011). ORCHIDEE

resolves the processes of the energy and water balances at the surface, as well as

43



Chapter 3: Amazon deforestation impacts on the regional climate at intra-seasonal timescales

the evolution of the vegetation and the carbon cycle. In this sense, it represents the
vegetation mechanisms that control the carbon assimilation and determine vegetation

state and its evaporative capacity. Table 3.2 summarizes the complete WRF’s set-up.

Table 3.1 Characteristics of the WRF simulations

Model version 3.7.1
Horizontal resolution (km) 20
Number of vertical levels 50
Run time step (s) 60
Output time resolution (h) 3
Domain center coordinates 21°6'36"S 60°17'60"W

Table 3.2 Physical configuration of the WRF simulations

Parameterizations References
Radiation Longwave-shortwave | (lacono et al. 2008)
RRTMG radiation
scheme
Cumulus Grell Freitas scheme (Grell and Freitas
2014)
Planetary Mellor Yamada MYNN | (Nakanishi and Niino
boundary layer | 2 2006)
Cloud Morrison ~ 2-moment | (Morrison et  al.
microphysics scheme 2009)
Surface layer MYNN Scheme (Nakanishi and Niino
2006)
Land surface ORCHIDEE (Krinner et al. 2005)

Boundary conditions are extracted from the fifth generation reanalysis of the European
Centre for Medium-Range Weather Forecast (ECMWF) ERA5 (Hersbach et al. 2020).
With a higher spatial and temporal resolution (31 km x 31 km horizontal grid size, 137
hybrid sigma-pressure levels and data each hour, respectively), ERA5 improves the
representation of several atmospheric processes, including the vertical structure of
winds and humidity, and more consistent soil moisture, evaporation and sea surface
temperatures with respect to its predecessor ERA-Interim (Hoffmann et al. 2019;
Hersbach et al. 2020). This data set is available at https://www.ecmwf.int/en/forec
asts/datasets/reanalysis-datasets/era5 (last access July 2022). In order to constrain
the large-scale meteorological conditions in WRF simulations toward the synoptic
circulation at the domain boundaries, we use spectral nudging (von Storch et al. 2000)
above the planetary boundary (at scales above 1200km) over horizontal winds and
temperature (Miguez-Macho et al. 2004; Zhang et al. 2022). Omrani et al. (2015)
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recognize that the horizontal wind is the most important variable to nudge in order to

improve the representation of surface temperature, wind and precipitation.

In the present study, a 3-month spin-up time is used for the atmospheric component,
spanning from 1st October 2000 to 31st December 2000. Due to the slow evolution of
soil dynamics and the strong impact of land surface conditions on the performance of
regional climate models, several studies suggest the use of an off-line spin-up for the
land surface model (Smith et al. 1994; Cosgrove et al. 2003; de Goncalves et al. 2006;
Sutton et al. 2006; Case et al. 2008). For this reason, we implement an off-line spin-
up for ORCHIDEE based on 10 concatenated 1-year simulations where last restart of
the previous run is used as initial condition of the following one, using as an
atmospheric forcing WRF-alone 1-year simulation performed at the exact same

domain.

3.2.2.2 Description of the experiments

In order to obtain a representative view of the long-term atmospheric intra-seasonal
variability, we use 19 years of simulations covering the period 2001-2019. For this
period, we perform two simulations sharing the same boundary forcing from ERAS but
with different land-use conditions. The control experiment (hereafter ‘ReglPSL-
Control’ or ‘ReglPSL-C’) utilizes information of the annual evolution of land-use/cover
from the European Space Agency Climate Change Initiative (ESA-CCI) land-cover
maps (ESA 2017; Lamarche et al. 2017). This data set, originally covering the period
1992-2015, was recently extended until 2020 by the Copernicus Climate Change
Service. It presents a 300 m x 300 m spatial resolution. The 22 land-cover ESA-CCI
classes were reclassified into 13 Plant Functional Types (PFTs) required by the
ORCHIDEE model (Bontemps et al. 2013).

On the other hand, the deforested experiment (hereafter ‘ReglPSL-Deforested’ or
‘ReglPSL-D’) is based on future projections of Amazonian deforestation developed by
Soares-Filho et al. (2006). In the present study, the Business-As-Usual (BAU) scenario
for the year 2050 was used (Figure 3.1b). This scenario is the result of an empirically-
based modeling study where 1997-2002 deforestation rates derived from satellite

imagery were projected (Soares-Filho et al. 2006). Additional assumptions include
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paving all planned highways, the lack of new protected areas in the basin, and
empirical relationships involving the forest loss probability and the proximity to roads,
rivers and towns, as well as already deforested patches. This deforestation scenario
is widely used for the assessment of the influence of land use changes on the
hydrology and climate of the South American continent (Coe et al. 2009; Swann et al.
2015; Eiras-Barca et al. 2020; Sierra et al. 2021). This BAU data set hasa 1 km x 1
km horizontal resolution and labels each pixel as forest, deforested or non-forest.
Since the ORCHIDEE PFTs maps have a coarser resolution (20 km x 20 km), all BAU
scenario pixels within each PFTs grid cell were used to calculate the forest/deforested
ratio. Then, to each PFT pixel in the control experiment, we impose this calculated
ratio to the existent proportion between the classes ‘tropical broad-leaved evergreen’
and ‘C3 agriculture’. Our premise is that deforestation is a change from forest to
agricultural crops. In this sense, we keep unaltered the areas of the rest of land cover
classes and only modify the area covered by forest and crops. Modifications to the

PFTs were made for each year in both control and deforested experiments.
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Fig. 3.1 Experiment scenarios: a Control and b Deforested. ReglPSL simulation domain is shown in the
left bottom corner in panel b. Magenta box shows the southern Amazon region (5°S-15°S, 70°W-50°W)
defined to compute the annual cycle in Figure 3.2. Blue and yellow circles in a and b show the location
of the flux towers from the Large-Scale Biosphere—Atmosphere experiment in the Amazon.
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3.2.2.3 Reference datasets

In order to assess the model performance, we use evapotranspiration and surface
energy variables such as incoming/outgoing shortwave and longwave radiation,
sensible/latent heat fluxes and surface net radiation obtained from ERA5-Land
(Mufioz-Sabater et al. 2021). This data set is the product of numerical integrations of
the ECMWEF land surface model forced with the downscaled atmospheric forcing from
ERADS reanalysis. ERA5-Land has an enhanced horizontal resolution of ~9 km x 9 km
at hourly scales, with data available from 1950 to present. ERA5-Land presents
improvements in latent heat fluxes, Bowen ratio, skin temperature and soil moisture
with respect to ERA5 (Mufoz-Sabater et al. 2021). To compare the model surface
fluxes against in-situ measurements at a local scale, we use flux tower measurements
from the Large-Scale Biosphere-Atmosphere Experiment in the Amazon (LBA) project
(Saleska et al. 2013). The LBA project was an international project initiated in 1998 as
a scientific effort to better understand, among other questions, the effects of land use
changes in the Amazon on the regional climate. Two stations located inside our region
of interest, the southern Amazon (5°S-15 °S, 70°W-50°W, magenta box in Figures
3.1a-b), were selected from the LBA data base. Located at 10.75° S, 62.35° W, and
306 m a.s.l., the station Fazenda Nossa Senhora de Aparecida (blue circle labeled as
‘FNS’ in Figure 3.la-b), corresponds to a cattle ranch over a deforested area.
Additionally, the station Rondonia Jaru Biological Reserve is located at 191 m a.s.l.,
10.08° S, 61.93° W (yellow circle labeled as ‘RJA’ in Figure 3.1a-b). This station is
located inside a natural reserve created by the Brazilian government in the 1960s.
These stations present daily record of surface energy and water fluxes for the period
1999-2002. However, only the years 2001 and 2002 that overlap in time with our
simulations are used. This dataset is available at https://daac.ornl.gov/LBA/guides/
CD32_Brazil_Flux_Network.html (last access July 2022).

We use rainfall information from the Climate Hazards Group InfraRed Precipitation
with Station data (CHIRPS) data set version 2 (Funk et al. 2015). Developed by the
United States Geological Survey (USGS) and the Earth Resources Observation and
Science (EROS), this data set is the result of a combination between satellite
measurements, rain gauges data and interpolation techniques. Its high spatial and

temporal resolutions (5 km x 5 km and daily data, respectively), as well as its long
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record period from 1981 to 2020, makes this data set suitable to analyze the
precipitation-atmospheric flow regime relationship at high temporal frequencies. When
compared against rain gauges and in situ discharge measurements, CHIRPS exhibits
a good representation of Amazon hydrology (Wongchuig Correa et al. 2017;
Haghtalab et al. 2020). Therefore, this database is widely used to study the rainfall
variability over tropical South America (e.g. Paccini et al. 2018; Cer6n et al. 2020;
Arias et al. 2020; Funatsu et al. 2021). The dataset is available at
https://data.chc.ucsb.edu/products/CHIRPS-2.0/ (last access July 2022).
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Fig. 3.2 Annual cycle in southern Amazon (see Figure 3.1) for: a rainfall and b evapotranspiration in mm
day!, c incoming shortwave radiation, d outgoing shortwave radiation, e incoming longwave radiation,
f outgoing longwave radiation, g sensible heat flux and h latent heat flux, and i net surface radiation (in
W m=2). Cyan and red lines represent ReglPSL-Control and ReglPSL-Deforested, respectively.
Significant changes (t-test, p<0.05) between ReglPSL-Control and RegIPSL-Deforested are marked
with red dots. Black lines represent reference datasets (CHIRPS and Paca in a-b, or reanalysis ERA5-
Land in c-i).
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In order to evaluate the actual evapotranspiration in the southern Amazon, we use the
data base developed by Paca et al. (2019), hereafter called ‘Paca’. By merging several
global remote sensing evapotranspiration products, this data set presents a high
resolution (250 m x 250 m) description of the spatial variability within the Amazon
basin. Monthly values are provided for the 2003-2013 period and are available at
www.wateraccounting.org (last access July 2022). Validated against flux tower
measurements from the LBA project, this dataset captures the observed spatial and
temporal evapotranspiration variability at monthly and inter-annual scales (Paca et al.
2019). Since there are significant discrepancies among evapotranspiration datasets
that reflect the uncertainties in evapotranspiration estimations (Maeda et al. 2017;
Sorensson and Ruscica 2018; Fassoni-Andrade et al. 2021), the use of a data based
on different products is a way of dealing with the inter-product uncertainty. A more
complete validation of the representation of evapotranspiration annual mean and
annual cycle by RegIPSL model can be found in Wongchuig et al. (2022; submitted to
Journal of Hydrology).

3.2.2.4 Definition of the large-scale circulation patterns (CPs)

The definition of the CPs is based on unfiltered daily meridional and zonal wind
components at 850 hPa over the region 10°N-30°S, 90°W-30°W. Adding other
variables in the CP’s definition (such as temperature, rainfall or geopotential height)
increases the computation cost and does not improve the classification of the
atmospheric states related to precipitation (Espinoza et al. 2012). Horizontal winds at
850 hPa have proven to be suitable for the description of the main atmospheric
circulation phenomena in tropical South America, such as the easterly winds, the
southern regimes or ‘cold surges’, the South American Low-level Jet (SALLJ), among
others (Paccini et al. 2018). In addition, winds at 850 hPa (around 1500 m of altitude)
are most of the time located within the Planetary Boundary Layer (PBL) and, therefore,
should not be affected by the imposed large-scale nudging in our model experiments.
As a first step, horizontal winds are standardized using the long-term mean and
standard deviation at each grid-cell so keeping all the time variations including the
seasonal cycle. In order to accelerate computations and to retain only the main
variability modes, we apply principal component analysis over standardized winds

from ERA5, RegIPSL-Control and RegIPSL-Deforested independently. The principal
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component approach has been used in previous studies to filter out the smallest
spatial scales of the regional-scale atmosphere’s phase space (Moron et al. 2008,
2015; Olmo et al. 2022). We use the 30 leading principal components, which explain
78% and 73% of the total variability for ERAS5 and ReglPSL-Control/Deforested,

respectively, to identify the CPs using the k-means methodology.

K-means is a dynamical clustering procedure that looks for classifying data into k
clusters in an n-dimensional subspace, in this case, spanned by the 30 leading
principal components. The k clusters are selected by recursive iterations that seek to
minimize the sum of variance between points belonging to the same cluster (Diday
and Simon 1976). Defining the number of groups or clusters to be used is a key
guestion in clustering analysis. Different indices have been designed in order to find
the optimal number of clusters, all of them sharing the basic principle: identifying the
number of clusters with greatest similarity between the members of a cluster and with
the highest inter-cluster difference (Calinski and Harabasz 1974; Michelangeli et al.
1995). Previous studies have demonstrated that a number of 9 CPs are appropriated
to represent the main stages of the annual regional-scale circulation in northern South
America (da Anunciacdo et al. 2014; Paccini et al. 2018; Espinoza et al. 2021).
Following Espinoza et al. (2021), we define 9 clusters to summarize the regional
atmospheric variability, considering all times scales from daily to decadal. In this
sense, the 6935 days of our interest period 2001-2019 are classified in 9 groups or
CPs. The assignment of each day to a particular CP is, up to a certain point, dependent
to the k-means methodology, specifically to initial cluster centroids used for starting
the classification or ‘initialization’ (Michelangeli et al. 1995). For this reason, 1000
reclassifications of the 6935-day time series were performed independently for ERAS5,
RegIPSL-Control and ReglPSL-Deforested using random initial seeds on each day-
classification. For most of the analysis in the present work, we use a particular
classification using a smart way to select the initial cluster centers in order to speed
up the convergence (Pedregosa et al. 2011). However, for the assessment of changes
in the CPs annual cycle frequency in section 4, we use the 1000 classifications in order
to evaluate whether the signal induced by deforestation is consistent and independent
of the statistical classification method. Finally, composite analysis of interest variables
(such as rainfall or evapotranspiration) is carried out over the days belonging to each
CP.
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3.2.2.5 Definition of the wet season onset in the southern Amazon

The onset of the wet season is estimated based on the methodology developed in Li
and Fu (2004). We first compute the spatial mean of daily rainfall over the southern
Amazon. Then, pentad rainfall time series are estimated by temporally averaging over
5-day period in order to reduce the synoptic noise. According to Li and Fu (2004), the
dry season end/wet season onset is established when 6 out of 8 preceding pentads
are below the climatological rain rate annual mean and 6 out of 8 subsequent pentads
are above it. However, in most of the years there are few consecutive pentads that
meet these two conditions. Li and Fu (2004) define the wet season onset as the
earliest date or the first of these pentads. Nevertheless, in order to assure that wet
conditions begin to be dominant and well established, instead of using the earliest
pentad we use the date of the latest pentad fulfilling these conditions as the date of
the onset. This analysis is performed independently for CHIRPS and RegIPSL (using

data during the same periods).

3.2.2.6 Evaluation framework

The assessment of the model’s skill in representing the observed CPs, taking as a
reference ERA5 for winds, and CHIRPS for precipitation, is performed through the
analysis of the spatial patterns of CP composite means, as well as their climatological

frequency of occurrence along the year.

The evaluation of the CP spatial pattern is addressed by comparing the mean
composite fields from reference datasets and ReglPSL Control using Taylor diagrams.
Taylor diagram is a graphical tool that summarizes the match between two spatial or
temporal fields in terms of the Pearson correlation, the root-mean-square error and
the ratio of their variances (Taylor 2001). This methodology is widely used in climate
modeling studies (e.g. Voldoire et al. 2013; Sierra et al. 2015; Ortega et al. 2021; Olmo
et al. 2022). For each CP we compare separately the spatial distribution of rainfall,

zonal and meridional winds.
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On the other hand, following Olmo et al. (2022), the representation of the CP
frequencies of occurrence is analyzed with an error metric that quantifies the absolute
difference between the climatological daily frequencies in the reanalysis and model
outputs (Equation 3.1). This metric is computed for each CP and can be estimated as:

i=1|f ERAScp, — f RegIPSLcp|
D

Errorcp = (3.1)

where D is the total number of days during the evaluated season. A special attention
is paid to the dry-to-wet transition (July-November), D corresponds to 153 days. Then,
i is an index for dates varying between July 1% and November 31%. f ERA5.p, and

f RegIPSLp, are the number of days corresponding to a specific CP for the date i in
the whole 2001-2019 period for ERA5 and ReglIPSL respectively. For example, for i
corresponding to July 1%, and analyzing the representation of the CP T1, f ERASp,
represents the number of times that T1 is observed on this particular date in the whole

19-year period. A similar interpretation applies for f RegIPSLp,.

3.2.3 Model validation

In this section, we show the validation of the ReglPSL-Control simulations in terms of
the annual cycle of rainfall and surface fluxes in the southern Amazon. The dominant
modes of the regional low-level circulation variability in tropical South America and the
model’s skill to reproduce the meteorological conditions for the onset of the wet season
are also assessed. For this purpose, we use in-situ LBA measurements, satellite and

reanalysis data.

3.2.3.1 Rainfall and surface fluxes in the southern Amazon

The seasonality of precipitation over the southern Amazon is well represented by
ReglIPSL-Control, with rainfall maxima during December-February according to
observations as described in section 1 (cyan line in Figure 3.2a). During this season,
the model underestimates the rainfall rates by about -20% (-2.4 mm day!) with respect
to CHIRPS. On the contrary, precipitation minimum is simulated and observed in June-

August, with an overestimation of about +120% (+0.46 mm day™) in this particular
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season. As a consequence, the steep rainfall switch in both dry-to-wet and wet-to-dry
transition periods is weaker in ReglPSL-Control than in CHIRPS. For example, during
the dry-to-wet transition between September 1st and November 1st, mean rainfall
increases at a rate of 2.50 mm d* per month in CHIRPS, and only about half of this
value (1.21 mm d* per month) in the model. Nevertheless, since our study focuses on
atmospheric circulation patterns for characterizing the wet season onset instead on
rainfall, particular emphasis will be placed on biases on wind circulation of the model
(Section 3.2.3.2).

The mean evapotranspiration annual cycle is well represented by RegIPSL-Control
compared with Paca and ERA5-Land estimates, with maximum and minimum fluxes
during the wet and dry seasons respectively (cyan line in Figure 3.2b). RegIPSL does
not capture the bimodal regime observed in Paca et al. (2019), although it represents
a small peak in October when maximum incoming solar and net surface radiation are
simulated (Figures 3.2c and 3.2i). Additionally, the general amplitude of the seasonal
cycle is higher in RegIPSL-Control, ranging between 2.67-4.27 mm day, compared
to Paca et al. (2019), with values between 3.15-4.25 mm day!. Similar to RegIPSL-
Control, evapotranspiration in ERA5-Land varies between 2.34-3.85 mm day™.
Differences among evapotranspiration data sets have been reported by previous
works and reflect the uncertainty, the lack of data and the need of a better-
understanding of the vegetation evaporative capacity in the Amazon basin and in the
tropics in general (Maeda et al. 2017; Sérensson and Ruscica 2018; Fassoni-Andrade
et al. 2021).

On the other hand, RegIPSL-Control shows a realistic representation of the seasonal
cycle of incoming and reflected solar radiation fluxes (cyan line in Figures 3.2c-d). The
incoming solar radiation is overestimated in about +30 W m or +12% along the year.
This error is probably caused by an underestimation of the cloud cover. Less clouds
in the model outputs are also linked with a drier atmosphere which radiates less energy
to the ground, causing an underestimation of the incoming longwave radiation (Figure
3.2e). Alittle lag in the peak of the incoming solar radiation is part of the model outputs.
While maximum incoming solar radiation occurs in the middle of September in ERA5-
Land, it is located in October in ReglPSL-Control. Since this is energy flux is the only
energy input to the surface that exhibits a delay, we hypothesize that this bias is related
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to the slightly lagged peak in outgoing longwave radiation and sensible heat (Figures
3.2f-g). The possible mechanism behind this bias could be related again to problems
in the representation of clouds. Cloudiness could be larger in RegIPSL in September
than in October, in contrast to ERA5, what can cause an underestimation
(overestimation) of the incoming solar radiation during September (October). On the
other hand, although more energy reaches the ground in terms of solar radiation, the
underestimation of the incoming longwave radiation and the overestimation of the
outgoing longwave flux help to balance the energy budget and, at the end, the net
surface radiation is well represented in seasonality and magnitude. However, an
overestimation by RegIPSL-Control is observed during the dry-to-wet and wet seasons
in the net surface radiation (Figure 3.2i). The overestimation of surface energy fluxes,
especially net surface radiation and sensible heat flux seem to be a systematic error
in WRF over the Amazon basin regardless of the model configuration (Wang et al.
2021).

Although our main interest is the southern Amazonia as a whole region, the model
validation up to now is strongly based on a model to model comparison. For this
reason, we also analyze the representation of surface fluxes at a more local scale
using the selected flux towers from the LBA project, located over one forested and one
deforested site (Figures 3.1a-b). The distance between the two LBA stations is 87 km.
Thereby, we use a surrounding area of 100 km x 100 km (5 x 5 grid cells)
encompassing the measurements sites for surface fluxes from RegIPSL-Control
outputs. Then, we select grids with forest or cropland fractional areas higher than 70%,
in order to compare the model against the forested and deforested LBA sites for the
years 2001-2002. The results of this analysis are shown in Figure Al and reflect the
same model biases observed at a regional scale described previously (except for
rainfall). At local scale, RegIPSL-Control and observations present the same rainfall
seasonality, with a wet season in December-May and a dry season in June-August.
However, the model exhibits a strong rainfall overestimation during the wet season
over forested and deforested areas (Figures Ala-b). Similar to the behavior exposed
by Paca et al. (2019) at a more regional scale, evapotranspiration shows little
seasonality with fluctuations around the 2.5 mm day* and 3 mm day* over the forest
and pasture LBA sites, respectively (Figures Alc-d). Higher precipitation rates in

ReglIPSL-Control causes an evapotranspiration overestimation between January and
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May. Evapotranspiration overestimation is higher over croplands in the model outputs.
Nevertheless, the model is able to represent the weak seasonality of this surface water
flux along the year. Most of the surface energy variables are realistically represented
in terms of magnitude and seasonality (Figures Ale-n). However, RegIPSL-Control
overestimates the incoming solar radiation between August to November, with a
slightly higher bias over the forest site (Figure Alf). As a consequence, the model also
overestimates the outgoing or reflected solar radiation over the forest site (Figure
Alh). In addition, the model slightly underestimates (overestimates) the incoming
(outgoing) longwave radiation flux along the year over both areas in a similar way to
the regional analysis shown previously (Figures Ali-lI). Nevertheless, in the same way
that at regional scale, these errors compensate each other, and the net surface
radiation is well represented by the model (Figures A1m-n).

3.2.3.2 Main circulation patterns (CPs) in tropical South America

In this sub-section, we show if the model is able to capture the dominant modes of the
regional circulation variability over tropical South America. The regional atmospheric
circulation variability is summarized through 9 CPs that can be understood as
preferred states of the regional climatic system (Figures 3.3 and 3.4). As described by
Espinoza et al. (2021), there is a clear seasonal cycle in the relative CPs frequency
(Figure 3.3). We identify 3 CPs with major activity during austral summer,
corresponding to the wet season in the southern Amazon, labeled as W1-W2-W3 (blue
colors), 3 austral winter CPs with usual dry conditions and largest frequencies in June-
August, labeled D1-D2-D3 (orange-red colors), and 3 transitional CPs characterizing
mostly the dry-to-wet transition T2pw (dark green), the wet-to-dry shift T3wp (yellow)
and a CP that occurs in both transitional periods T1 (green color). Table 3.3
summarizes the main features of the circulation and rainfall anomalies associated with
each atmospheric state or CP. A more exhaustive description of the CPs low-level
circulation and atmospheric mechanisms is presented by Espinoza et al. (2021).

As seen in Figure 3.3b, RegIPSL-Control is able to properly represent the relative CP’s
frequency along the year even if the classification is done independently from ERAS.
Differences in the CP’s frequency during the dry-to-wet transition period (July to

November) between ERAS5 and ReglPSL-Control are quite small and does not surpass
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+1 day of mean error (Table Al). It is interesting to note that higher frequency errors
are presented during the transition CPs T1 and T2pw. Similar results were reported
recently by Olmo et al. (2022) for the representation of the same transitional CPs by
last generation global climate models.
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Fig. 3.3 Relative mean daily frequency of the 9 circulation patterns (CPs) defined from the k-means

clustering analysis for: a ERA5, and b RegIPSL-Control (ReglPSL-C). The horizontal axis represents
the days from January 15t to December 315t in the climatology during the period 2001-2019.

Table 3.3 Brief overview of the main features of the CPs explaining the atmospheric circulation
variability in tropical South America identified by Espinoza et al. (2021). D1, D2, D3 (W1, W2, W3)
correspond to dry (wet) season CPs. Transitional CPs are labeled T1, T2DW (transition from dry-to-wet
conditions) and T2WD (transition from wet-to-dry conditions). See Figure S2 in supplementary material
for rainfall and wind composites with ERA5/CHIRPS.

Intra-seasonal variability

Seasonality

tropical South America.

northern (southern)
tropical South America

Dry season D1 D2 D3
or austral - Major frequency during | - Major frequency | - Major frequency during
winter CPs | the early dry season | during the core of the | the late dry season
(June). dry season  (July- | (August).
August).
- Positive  (negative) - Positive (negative)
rainfall anomalies over | - Positive (negative) | rainfall anomalies over
northern (southern) | rainfall anomalies over | northern (southern)

tropical South America.

- Low-level wind | and the northwestern | - Low-level wind
divergence centered in | Amazon. divergence centered in
the southwestern the southwestern
Amazon and related to | - Anomalous southerly | Amazon and related to
southerly cross- | cross-equatorial southerly Cross-
equatorial wind. regime coming from | equatorial wind.

the subtropics linked to
cold intrusions.

Development of a winter
SALLJ.

w1

w2

W3
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Wet season | - Major frequency during | - Major frequency | - Major frequency during
or austral the early wet season | during the core of the | the late wet season
summer (December). wet season | (February-March).
CPs (December-February).
- Positive rainfall - Positive rainfall
anomalies over the |- Positive rainfall | anomalies over the
continental South Atlantic | anomalies in SESA, | Amazon basin and the
Convergence Zone | the Amazon-Andes | tropical Andes.
(SACZ) and most of the | rainfall hotspots and
tropical Andes. the Andes.

- Anomalous northerly
- Anomalous northerly | - Anomalous northerly | cross-equatorial flow
cross-equatorial flow | cross-equatorial winds | encountering southerly
deviated eastward due to | reaching southern | wind  intrusion  and
the encounter  with | latitudes of tropical | generating convergence
southerly wind intrusion. | South America related | over the Amazon basin.
to the summer SALLJ.

Transitional T1 T2pw T3wp
CPs - Major frequency during | - Major frequency inthe | - Major frequency in the
the wet-to-dry (May- | dry-to-wet  transition | wet-to-dry transition

June) and dry-to-wet | (October-November). (April-May).
(September-October)

periods. - Positive rainfall | - Positive (negative)
anomalies over the | rainfall anomalies over

- Positive rainfall | southern Amazon and | the northern (southern)

anomalies over South | southeastern Brazil. south America.

Eastern South America
(SESA) and negative | - Anomalous northerly | - Anomalous southerly
anomalies  over the | cross-equatorial winds | cross-equatorial  winds

southern Amazon and | encountering a | from tropical  south
eastern Brazil. southerly wind | Atlantic.
incursion.

- Intensified South
American Low-level Jet
(SALLJ) below 14°S.

Figure 3.4 shows low-level horizontal wind and rainfall anomalies (vs the annual mean)
for each CP according to RegIPSL-Control. A direct comparison with ERA5/CHIRPS
composites (Figure A2), as well as the Taylor diagrams analysis (Figure A3), allows
us to conclude that RegIPSL-Control captures well the spatial structure of wind and
rainfall patterns associated with all CPs. Indeed, spatial correlations for the CP
composites with respect to reference datasets are significantly high (>0.78) as seen
in the Taylor diagrams in Figure A3. Precipitation is the variable with the lowest spatial
correlations, mainly during the transition CPs T1 and T2pw (0.79 and 0.81,
respectively; Figure A3a). The spatial distribution of horizontal winds at 850 hPa is well

represented by the model for all circulation patterns (spatial correlation > 0.95; Figures
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A3b-c), except for the meridional component of D2. This particular CP presents a
strong meridional component of the wind that characterizes the entry of the so called
‘cold fronts’ into tropical South America coming from the southern part of the continent
(see Table 3.3). For this reason, this CP is more sensitive to the representation of the
meridional wind. In order to better explore the biases in RegIPSL outputs, we compute
the differences in low-level winds and rainfall with respect to ERA5 and CHIRPS as

seen in Figure 3.5.
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Fig. 3.4 Rainfall and 850 hPa horizontal wind anomalies (vs the annual mean) composites for the 9
circulation patterns (CPs) defined from the k-means clustering analysis using ReglPSL-Control outputs.
Rainfall (shaded) is in percentage respect to the inter-annual mean and horizontal winds at 850 hPa
(vectors) are adimensional. Magenta box shows the southern Amazon domain (5°S-15°S, 70°W-50°W).

In general, rainfall composite differences between ReglPSL-Control and CHIRPS are
rather constant across the transitional and wet season CPs (Figure 3.5). The model
exhibits lower precipitation rates over Colombia and Ecuador while overestimates it in
northeastern Amazonia and northern Brazil (Figure 3.5). Rainfall is also
underestimated by ReglPSL-Control over the South Eastern South America region
(SESA, defined as the continental area east of the Andes below 23°S) during T1, W2
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and D3 events. These circulation patterns are very related with the activity of the
SALLJ (see Table 3.3) which suggests a bad representation of the link between rainfall
and the SALLJ circulation in La Plata basin. Recent works demonstrate that adding
the representation of floodplains to the RegIPSL model can result in a better
representation of precipitation and the moisture transport by the SALLJ in La Plata
basin (Schrapffer 2022). In the same way, precipitation biases are similar among the
wet season CPs. While less rainfall is simulated over the central Amazon and the

Guianas, higher rainfall is simulated over the eastern Brazil.
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Fig. 3.5 Rainfall and 850 hPa horizontal wind anomalies composites differences ReglSPL-Control minus
ERA5/CHIRPS for the 9 circulation patterns (CPs) defined from the k-means clustering analysis.
Rainfall differences (shaded) are in mm day! and horizontal winds at 850 hPa (vectors) are in m s,
Only significant rainfall differences are shown (t-test, p<0.05). Green vectors represent significant wind
differences (t-test, p<0.05).

Wind differences between RegIPSL-Control and ERAS in tropical South America are
higher for the dry and transition season CPs (Figure 3.5). For CPs T1, T3wp and D2,
the spatial distribution of wind differences between RegIPSL-Control and ERAS are

very similar to their mean patterns shown in Figure 3.4. This implies that the model
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presents a stronger regional circulation and overestimates the 850 hPa winds over the
entire region on these particular meteorological conditions. T3wp and T2pw present no
statistically significant wind differences with respect to ERAS5 despite their relatively
high wind differences (Figure 3.5) which suggests a large low-level wind variability
during these particular transitional atmospheric patterns. A stronger low-level
circulation during the dry and dry-to-wet transition seasons in RegIPSL could be
related to a high model sensitivity to the external synoptic signal from ERA5 boundary
forcing. Indeed, D1 and D3 display stronger southward winds blowing from
southwestern Amazon toward the La Plata basin in RegIPSL-Control. Contrary to
winter CPs, summer CPs (W1-W2-W3) present little wind differences with respect to
ERAG.

3.2.3.3 Wet season onset characteristics in terms of CPs

This subsection analyzes the conditions in the atmospheric circulation states, rainfall
and evapotranspiration during the preceding and subsequent days of the wet season

onset in reanalysis dataset and ReglPSL-Control.

Figure 3.6a shows the evolution of CP frequency throughout the development of the
wet season onset (defined in section 3.2.2.5). Around 90 days before the onset, nearly
80% of the days are under winter or dry conditions (D1, D2 and D3), according to
ERAS. Precipitation in southern Amazonia (see Figures 3.1a-b for the location) is
almost zero before the day -90 (i.e. 90 days before the wet season onset), whereas
evapotranspiration is near its minimum (Figures 3.6c-d). After the day -80, dry season
CPs start to be less frequent and are replaced by T3WD and mainly by T2pw (Figure
3.6a). In this sense, by the day -75, dry season CPs occur 80% of the time while
transitional regimes T3wp and T2pw are not observed. Nonetheless, after 25 days (by
the day -50), dry season and transitional CPs occur 61% and 12% of the time,
respectively. At the same time, rainfall and evapotranspiration begin to increase
(Figures 3.6c¢-d). Consistent with our results, previous works locate the end of the dry
and the beginning of the dry-to-wet transition season about 90 days before the onset,
when the atmosphere starts to moisten and the lower troposphere begins to gain
(reduce) available potential energy (the convective inhibition) (Fu et al. 1999; Li and
Fu 2004; Wright et al. 2017). The incoming solar radiation increases rapidly until the
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day -60, and then a slower increment is sustained until its maximum in the day -25 for
ERA5-Land (not shown). It is precisely after the day -25 when the steep
evapotranspiration increment flattens out slightly in ERA5-Land (Figure 3.6d). Thus,
because of the combination of positive incoming solar radiation anomalies over the
southern Amazon (related to a higher frequency of T1, T2pw and D3; not shown) and
positive precipitation anomalies (linked to the presence of T2pw during this period; see
Figure 3.4) there is a rapid evapotranspiration increase between days -60 and -25.
The role of the solar radiation on the rainforest's response in terms of
evapotranspiration during the transition from dry to wet season is reported in
observational-based works (Myneni et al. 2007). On the other hand, precipitation
presents a stronger increase between the days -60 and 0, when T2pw starts to be
more frequent during this period. Wright et al. (2017) find a rainfall and
evapotranspiration increase between 60 to 30 days before the onset in consistency
with our results. A peak in the frequency of T2pw (64%) is observed precisely at the
onset of the wet season (pentad O; Figure 3.6a). Previous studies demonstrate the
relationship between the variability of the Amazonian wet season onset and the
frequency of T2pw (Espinoza et al. 2021). In fact, our T2pw looks very similar to
circulation anomalies registered by early works during the wet season onset in the
southeastern Amazon, with enhanced trade winds in the Atlantic, southern wind
intrusion in the Amazon and more rainfall in central and southern parts of the basin (
see Figures 10-11 of Marengo et al. 2001). According to Wright et al. (2017), the last
30 days before the onset mark a shift from shallow to deep convection. During this
period, CP W1, W2 and W3 begin to appear and develop deep convection in the region
(Figure 3.6a). Five days after the SAMS onset, summer or wet season CPs are
observed during ~20% of the time and by the day +50, they occur 80% of the time
(about 60% is occupied by the presence of the SACZ-SALLJ dipole corresponding to
the W1-W2 co-existence).

The model shows a realistic development of the different characteristics of the wet
season onset (Figures 3.6b-d). However, there are some differences in the simulated
development of the wet season in ReglPSL-Control. The model exhibits an early
retreat of the dry or winter circulation patterns around the day -105, and consequently,
an early development of the transitional CP T2pw. While in ERAS5, around the day -95,
dry season CPs (D1-D2-D3) account for 80% of total frequency, in the model these
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atmospheric wintertime regimes account for only 62%. Likewise, at this time, the
transitional CP T2pw is absent in the reanalysis but in the model, it is observed
prematurely 8% of the time. Similarly, the evapotranspiration and rainfall start to
increase around 20 days in RegIPSL-Control before the reference data sets (Figures
3.6¢-d). Consistently, wet season circulation patterns W1-W2-W3 start to appear also
20 days early in the model simulation. However, similarly to ERA5, the model exhibits

the major activity of CP T2DW around the onset date (day 0), with a 62% of frequency.
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Fig. 3.6 Composite time series of: a and b relative frequency of circulation patterns from a ERA5 b
ReglPSL-Control, taking as a reference the date of the wet season onset in southern Amazonia (day
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One limitation of the previous rainfall and evapotranspiration analysis is the
homogenization of meteorological variables through spatially averaging over a big
area. The southern Amazon is characterized by the juxtaposition of rainforest trees
and croplands/grasslands. These land surface heterogeneities are determinant for
triggering mesoscale circulations and for defining the nature of convective activity,
cloudiness and atmospheric stability in this particular region (Cutrim et al. 1995; Silva
Dias and Regnie 1996; Souza et al. 2000; Wang et al. 2009). The land cover effect is
particularly important during the dry and dry-to-wet transition seasons, when the
extratropical cold surges are less frequent and the atmosphere is more stable
(Siqueira and Toledo Machado 2004; Wang et al. 2009). Therefore, understanding the
evolution of surface fluxes and atmospheric variables over the different land covers is
crucial for disentangling their differentiated contribution on the beginning of the wet

season onset.

3.2.3.4 Wet season onset characteristics over forest and
croplands/grasslands

After a validation of the representation of atmospheric circulation states, rainfall and
evapotranspiration along the development of the wet season by RegIPSL-Control (see
section 3.2.3.3), in this section we evaluate the evolution of surface and atmospheric
characteristics over different land covers in the region. To this end, we identify and
select the areas within the southern Amazonia (see Figure 3.1a for location) where
forest or croplands/grasslands are the dominant vegetation type. Pixels labeled as
‘forest’ present a fractional area higher than 60% covered by the ‘Tropical Broadleaf
Evergreen’ category. Similarly, pixels labeled as ‘cropland/grassland’ correspond to a
60% or more of fractional area covered by the categories ‘Temperate Natural
Grassland’, ‘Natural Grassland’ and ‘C3-C4 Crops’. We compute spatial averages for
meteorological variables over forest and cropland/grassland areas separately, as well
as composites for the preceding and subsequent days of the rainy season onset
(Figures 3.7 and A4).

Although the general temporal evolution for most of the variables is similar between

forest and crop/grass, there are significant differences in magnitude mainly before the

onset of the rainy season. Since forest covers around 92% of the southern Amazon
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total area, the magnitude and temporal pattern between averages over the forest area
and over the total area (green and blue lines in Figure 3.7, respectively) are very
similar for all the analyzed variables. Reduced precipitation is observed over
croplands/grasslands during the whole period but only significant before the day -25
(Figure 3.7a), when wet season CPs W1-W?2 start to occur in the model outputs (Figure
3.6b). In agreement with in-situ observations, evapotranspiration in the control
experiment over forest areas is higher than croplands/grasslands during the dry
season due to the greater access of forest roots to deep soil water (Wright et al. 1992;
Sommer et al. 2002; von Randow et al. 2004). After the arrival of the first rainy events
before the onset (between days -80 to -50), cropland/grassland evapotranspiration
increases rapidly after the atmospheric water input (Figure 3.7b). This fast
evapotranspiration response after rainy events has been described previously in in-
situ measurements from the African Monsoon Multidisciplinary Analysis (Lohou et al.
2014). According to these authors, evapotranspiration speed response is dependent
on the soil water content during the previous days in an inverse relation, where for
drier soils there is a faster response (Lohou et al. 2014). However, after the beginning
of the rainy season (day 0) and with the occurrence of wet season CPs, which present
positive rainfall anomalies broadly in the region, we observe no difference in the
evapotranspiration flux between forest and crop/grass (Figure 3.7b). Little difference
between evapotranspiration rates over forested and non-forested areas was observed
in the Brazilian state of Rondonia during the wet season using MODIS16 in agreement

with our results (da Silva et al. 2019).

Sensible heat increases from days -120 to -30, reaching its maximum 30 days before
the onset and decreasing later in both forest and croplands/grasslands (Figure 3.7c).
However, croplands/grasslands exhibit significant higher values before the onset in
about ~+25 W m2, what has been reported in observations and climate model
simulations (Shukla et al. 1990; Polcher and Laval 1994; Gash and Nobre 1997; Fisch
et al. 2004; von Randow et al. 2004; Eiras-Barca et al. 2020). Similarly, the net
radiation peaks at the day -30 (Figure 3.7d) indistinctly for forests and
croplands/grasslands, following the temporal evolution of the incoming solar radiation
(Figure Ada). Nevertheless, crop/grass areas have a reduced net surface radiation (~-
10 W m™) in the pre-onset period as a consequence of the enhanced loss of energy

from the reflected solar radiation (albedo effect) and the decreased energy entry from
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the incoming longwave radiation due to a drier atmosphere (Figures 3.7d and A4b-c).
These deforestation induced alterations in the surface energy balance have been
widely studied and described by previous works (Eltahir 1996; Gash and Nobre 1997;
Claussen et al. 2001; Berbet and Costa 2003; von Randow et al. 2004; Figure 3.7b).
Due to the increased sensible heat flux and the reduced evapotranspiration over
crop/grass areas, the Bowen ratio (which corresponds to the ratio between sensible
and latent heat fluxes) is higher than forest before the onset (Figure 3.7e). It is
interesting to note that the Bowen ratio over forest is always less than 1, which reflects
the dominant role of the latent heat flux in the surface energy partition during the entire
period. Otherwise, croplands/grasslands present a Bowen ratio higher than 1 until the
day -20, when rainfall and evapotranspiration increases reach their maximum rates
and when wet season CPs start to be frequent (Figures 3.6b and 3.7a-e). At the rainy
season onset, crop/grass and forest present a similar Bowen ratio (Figure 3.7e).
Although the differences is not significant, the Planetary Boundary Layer (PBL) height
is higher over croplands before the onset (Figure 3.7f) in response to the increased
sensible heat flux and a warming of the low-level troposphere ( Figure Ade-f; Fisch et
al. 2004). Consistently with other variables, croplands/grasslands and forest present

a similar PBL after the establishment of the wet season (Figure 3.7f).

During the first part of the pre-onset period (days -120 to -60), the vertically integrated
moisture divergence is similar over croplands/grasslands and forests (not shown).
Therefore, the low troposphere (below 800 hPa) is moister over forested areas
(Figures 3.7g-h) due to the higher forest evapotranspiration rates shown in Figure
3.7b. After the day -50, the combined effect of increased evapotranspiration by
croplands/grasslands and the beginning of the regional-scale atmospheric moisture
convergence (not shown), which is related to less frequent dry season CPs D1-D2-D3
(Figure 3.6b), reduce the gap between forests and pastures in the atmospheric
moisture content (Figure 3.7h). It is interesting to note the moister air observed over
croplands/grasslands at 600-775 hPa for the entire period, with a peak around the day

-30. At the local scale, this forest-crop/grass difference can be explained by the
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and h forest minus crop/grass specific humidity difference (g kg1), i vertical wind component over forest
areas (m s1) and j forest minus crop/grass vertical wind component difference (m s1). The x-axis
represents the time, with negative (positive) values for days before (after) the onset.

increased moisture removal linked to higher precipitation in forested areas, and by the
vertical moisture advection from the surface to the mid-troposphere caused by the
intensification of the vertical wind over crops (Figures 3.7i-j). However, horizontal
moisture advection at these particular levels could also play a role in the forest-
crop/grass atmospheric moisture difference.

A shallow ascending motion is simulated over croplands/grasslands by ReglPSL-
Control between days -120 to -50 (Figures 3.7i-j). Weaker vertical upward wind is
observed over forested areas but confined in the 900-700 hPa layer. This stronger
surface ascending motion over croplands/grasslands seems to be related with the
warming of the lower troposphere (Figures Ade-f), caused by higher sensible heat flux
and the lower specific heat capacity of the drier air over these areas. A smaller
Convective Inhibition Energy (CINE) over croplands/grasslands during the morning
and noon also facilitates the air ascension (not shown). This enhanced ascending
motion over croplands generates a higher mid-level cloudiness (between 440 hPa and
680 hPa) with respect to forest areas (Figure A.7). During the same period (days -120
to -50), it is also observed a strong subsidence above the 750 hPa linked to the
dominant presence of the dry season CPs (Espinoza et al. 2021; Figures 3.6b and
3.7i). This large-scale circulation forcing inhibits the development of convective activity
triggered by the local signal. Only until the day -50, the locally forced ascension can
surpass the regional subsidence and generate deep convection, mainly over forest
areas (Figures 3.7i-j). Although by this time, the vertical component of the wind is
higher over croplands below the 700 hPa level, convection is stronger above this level
over forested areas as a consequence of a higher Convective Available Potential
Energy (CAPE) during the pre-onset period (not shown). Higher CAPE over forested
areas is a consequence of a wetter atmosphere, which increases the equivalent
potential temperature over the lower atmospheric levels and its vertical gradient
(Figures A4g-h). Higher CAPE and conditional atmospheric instability have been
observed over forest sites compared with pasture sites (Taylor and Ellis 2006; Wang
et al. 2009). The development of convective systems depends not only on the
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atmospheric instability, but also on trigger mechanisms allowing the release of the
convective available potential energy (Adler et al. 2011). According to our results, we
hypothesize that the thermally induced shallow ascending movement over
croplands/grassland can be advected and propagated by the horizontal circulation
toward forest neighboring areas, where it acts as a trigger mechanism for developing
convection. A similar mechanism is described by Froidevaux et al. (2014) using an
idealized cloud-resolving model. When the rainy season onset arrives (day 0), a
reduction in the sensible heat flux over croplands/grasslands (Figure 3.7c) causes
shallower PBL (Figure 3.7f), a descending air motion below 850 hPa (Figure 3.7j), and

an increase in the specific humidity over the shallow troposphere (Figure 3.7h).

The land cover-differentiated analysis for the temporal evolution of meteorological
variables along the development of the rainy season allow us to identify the following
key messages: (i) the temporal variability is similar for croplands/grasslands and forest
surfaces for all the analyzed variables and is controlled by regional-scale phenomena;
(ii) the forest and crop/grass local scale response to the synoptic forcing is different in
terms of the magnitude of the variables only before the onset of the rainy season.
Therefore, land surface heterogeneities can have a stronger impact on the local
circulation during the pre-onset period; (iii) with the rainy season onset, the
establishment of wet season atmospheric regimes bring rainfall to the whole Amazon
basin, which helps to eliminate the local differences associated to land-surface
heterogeneities, and generates similar behavior between forests and
croplands/grasslands for all the analyzed variables. For this reason, in the following
sections we assess the impacts of Amazonian deforestation with an especial focus on
the changes of circulation patterns and surface conditions before the onset of the wet

season.

3.2.4 Deforestation impacts on the dry-to-wet transition season

In this subsection, we analyze the deforestation-induced changes in precipitation,
evapotranspiration and low-level wind circulation of the CPs and the consequences of
these disturbances on the development and onset of the rainy season. Finally, we

determine the individual effect of changes in frequency and characteristic rainfall of
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the CPs caused by deforestation for the total rainfall accumulated in the 120-day

period prior to the onset.

3.2.4.1 Rainfall and surface fluxes seasonal cycles over the southern
Amazon

The loss of tropical forest causes important changes in evapotranspiration and surface
energy fluxes, while only little rainfall alterations are simulated over southern
Amazonia (Figure 3.2). Although not significant, rainfall slightly increases between
October and November in the deforested experiment (red line in Figure 3.2a).
However, deforestation induces significant reductions in evapotranspiration and latent
heat fluxes (red line in Figure 3.2d-h) of about ~-5 to -6% during the dry season in
consistency with flux tower measurements, satellite and meteorological reanalysis
estimates (von Randow et al. 2004; Khand et al. 2017; Baker and Spracklen 2019;
Oliveira et al. 2019; Laipelt et al. 2020) and climate models (Nobre et al. 1991; Polcher
and Laval 1994; Sud et al. 1996; Lean and Rowntree 1997; Perugini et al. 2017; Eiras-
Barca et al. 2020). On the contrary, the sensible heat flux is slightly increased in the
deforested scenario in the dry-to-wet transition in agreement with observations (Figure
3.2g; Gash et al. 1996; von Randow et al. 2004; Garcia-Carreras et al. 2010).
Otherwise, important and significant changes in the reflected solar radiation are
induced by the forest loss. Due to the higher cropland albedo, a general increase in
the reflected solar radiation (~+2 W m or +5.7%) occurs throughout the year in
RegIPSL-Deforested (red line in Figure 3.2d) in agreement with measurements from
the Anglo-Brazilian Amazonian Climate Observation Study (ABRACOS) project
(Berbet and Costa 2003; von Randow et al. 2004). This energy loss, in conjunction
with less incoming longwave radiation (-0.8 W m2 or -0.17%) due to a drier
atmosphere (Figures 3.2e-f; Eltahir 1996; Claussen et al. 2001), leads to a reduction
in the net surface radiation of ~ -3 W m (-2.5%) during the dry-to-wet transition
season (Figure 3.2i). Reductions in the net surface radiation have been reported over

cleared areas in the Amazon (Bastable et al. 1993).
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3.2.4.2 CPs and associated regional composites

Figure 3.8 shows simulated changes in evapotranspiration for the different
atmospheric states or CPs. Similarly, Figure 3.9 displays deforestation-induced
changes in rainfall and 850 hPa horizontal wind for each CP. At the same time, we
use the Taylor diagram for assessing the changes in the spatial patterns of rainfall and
horizontal winds for each circulation pattern (Figure A5). In this case, instead of
comparing a reference or ‘observed’ field with a modeled field as usual, we use the
RegIPSL-Control as a reference dataset and evaluate the similarity with the CP spatial

distributions in the deforested experiment (ReglPSL-Deforested).

In agreement with our previous results (section 3.2.4.1), evapotranspiration decreases
over the deforested area mainly in dry and transition regimes (CPs D1, D2, D3, T1
and T2pw), driven by reductions in the net surface radiation added to the effect of crop
shorter roots (not shown). During these CPs, local weak changes in 850 hPa winds
are also registered over the cleared area (Figures 3.9 and A6). D1, D2, D3 and T1
exhibit a wind acceleration over the deforested patch associated with a reduced
surface roughness length. The stronger winds enhance the surface humidity transport
toward central and southwestern Amazon and increase moisture convergence and
precipitation in T1 and small patches of T2pw (Figures 3.7 and A6). Similar changes
in moisture convergence for Amazon deforestation scenarios have been reported in
modeling studies (Lean and Rowntree 1997; Eiras-Barca et al. 2020). The slight
significant rainfall increases in T1 and T2pw explain the modest, but not significant,
precipitation increment over the southern Amazon between October-November shown
in previous subsections (see Figure 3.2a). On the contrary, a wind deceleration occurs
in the deforestation scenario for T2pw over the deforested patch, which is related to a
slight increase in moisture convergence (Figure A6). This is also observed by Ruiz-
Véasquez et al. (2020), who identified a weaker southerly cross-equatorial flow during
the dry and dry-to-wet transition seasons in association with deforestation over the
Southern Amazon. It is important to remark that CP T2pw is an almost exclusive
condition of the dry-to-wet transition season and is featured by the encounter of a
northerly cross-equatorial flow with southerly wind incursions that generates low-level
convergence and triggers precipitation in the southern Amazon and south eastern

Brazil (Espinoza et al. 2021). However, a non-statistically significant weakening of the
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southerly wind incursions below 10°S and between 70°W-50°W is observed with the
rainforest loss. It is precisely in this area where cold fronts are frequent during the
transition from dry to wet conditions (Machado et al. 2004). A weaker than usual
extratropical cold front incursions are generally related to a delayed rainy season (Li
et al. 2006). Compared with wet season CPs, dry season and transition regimes have
almost zero rainfall and wind changes according to Figures 3.9 and A6. Minor changes
in the regional-scale circulation during the dry season and the dry-to-wet transition
period are expected due to the important role of the extratropical forcing in this time of
the year (e.g. Jones and Simmonds 1993; Sinclair 1995; Espinoza et al. 2012). In
addition, since our simulations are done with a regional climate model laterally forced
by ERA5, the deforestation impacts on the atmospheric dynamics are limited to the
modeling domain while any external forcing (such as the extratropical westerly Rossby
waves) remains undisturbed (Sud et al. 1996; Gedney and Valdes 2000; Badger and
Dirmeyer 2016).

During the wet season, the continental thermodynamics and the vegetation role are
determinant to shape the regional-scale circulation (e.g. Gill 1980; Figueroa et al.
1995; Eltahir 1996; Gedney and Valdes 2000). Accordingly, deforestation generates
profound alterations in the atmospheric circulation and rainfall during this season over
the entire continent (Figure 3.9). It is in the wet season CPs when the differences in
low-level circulation are highest. Thus, lower spatial correlations between ReglPSL-
Control and ReglIPSL-Deforested are observed for CPs W1-W2-W3 in Figures A5b-c.
The first wet season circulation pattern W1 experiments a weakening of the
characteristic circulation of the SACZ (see Table 3.3 and Figures 3.4). Southerly winds
are diminished south of 10° S, which allows northerly winds to reach further south and
decrease their eastward deviation over the southern Amazon. As a consequence,
rainfall is reduced (increased) over the eastern (southern) part of the continent and
over the southern Amazon (Figure 3.9). A weakened SACZ has been documented in
tropical deforestation experiments by previous studies (Badger and Dirmeyer 2016).
Similarly, there is a weakening of the northerly winds that feature the summer SALLJ
in W2 (Figure 3.9). The weaker north-south moisture transport in the deforestation
scenario prompts precipitation and moisture convergence increase (decrease) over
northern (southern) tropical South America (Figure A6). As a component of the SAMS

and the summer regional Hadley cell, a weakening of the SALLJ is consistent with
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deforestation theoretical frameworks and with climate model experiments (Zhang et
al. 1996; Eltahir 1996; Zeng and Neelin 1999; Badger and Dirmeyer 2016; Sierra et
al. 2021). Finally, W3 displays an enhanced northerly and southerly winds, a stronger
eastward deviation and moisture convergence, triggering more convection over
southeastern Brazil (Figures 3.9 and A6). Changes in low-level winds for W3 are very
similar to the normal conditions of W1 (Figures 3.4 and 3.9). In fact, we find that under
the deforestation scenario, the days with W1 conditions tend to convert to CP W3 (not

shown).
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Fig. 3.8 Differences ReglPSL-Deforested minus RegIPSL-Control in evapotranspiration composites for
the 9 circulation patterns (CPs) defined from the k-means clustering analysis. Differences are in mm
day!. Only significant evapotranspiration differences are shown (t-test, p<0.05). Magenta box shows
the southern Amazon domain (5°S-15°S, 70°W-50°W). The magenta line highlights the deforested area.

Alterations in the frequency of occurrence for the different CPs in the deforested
experiment are shown in Figure 10. Each subpanel represents the annual cycle

frequency for a specific atmospheric regime in RegIPSL-Control and RegIPSL-
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Deforested (blue and red lines, respectively). In order to assess the statistical
significance of the differences in CP frequencies between control and deforested
experiments, we implement a bootstrap-like methodology. We split our complete time
series for both experiments, using the selected day-to-day classification (see section
2.4), in 10-year running windows. For each time window we compute the frequency of
occurrence of each CP in order to get the frequency variance in control and

deforestation scenarios. Days with significant differences are highlighted with red dots
(p-value <0.05, Figure 3.10).
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Consistent with our previous results discussed above, transitional CP T1 and dry
season CPs D1-D2-D3 experience minor changes in frequency throughout the year
with deforestation (Figures 10a and 3.10g-i). Nonetheless, during the dry-to-wet
transition period (end of September and October) there is a reduction of -6% in the
frequency of T2pw (Figure 3.10b). At the same time, T3wb increases its occurrence in
the deforestation experiment by about +5% (Figure 3.10f). As we discussed before,
the first atmospheric regime that appears during the wet season corresponds to the
SACZ conditions (W1; Figure 3.10c). Deforestation induces a decrease in the
frequency of W1 at the very beginning of the wet season (-17%) and an increase
between December-February (+18%). The decrease in the activity of W1 during this
month is linked to the increase in the frequency of W3, reflecting the W1-to-W3 switch
discussed before. For the control run, the development of CP W1 is followed by the
emergence of the SALLJ (CP W2), conforming the SACZ-SALLJ dipole. However,
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forest loss alters the development of the SAMS and causes a delay in the W2 activity,
with fewer events during November-February (between -10% to -20%, depending of
the month) and more occurrences at the end of the wet season (March-April; +10% to
+20% according to the month; Figure 10d). At the end of the rainy season, between
March-April, W3 becomes less frequent and is replaced by W2 events. Similarly, as a
consequence of the delayed activity of the SALLJ (W2), T3wp frequency is reduced
during late April.

In summary, the changes in T2pw, T3wb, W1 and W2 points in the same direction: a
later onset of the rainy season based on CPs under the deforested experiment.
However, we did not find any change in the onset/end wet season dates using the
rainfall-based criteria of Li and Fu (2004). A possible explanation for this is the
dependence of this methodology on precipitation, and therefore on the convection
parameterization. In agreement with our results, several modeling studies find a more
frequent longer dry seasons with the Amazon forest removal (Costa and Pires 2010;
Boisier et al. 2015; Nobre et al. 2016; Alves et al. 2017; Ruiz-Vasquez et al. 2020).
Widespread deforestation generates a less heterogenous land cover over southern
Amazonia, what can weaken the combined effect of warmer surface, reduced CINE
and shallow ascending motion over croplands and the large CAPE available for
exploiting these thermally driven vertical wind anomalies over forested areas, thus

delaying the large-scale triggering of convection and the wet season onset.

3.2.4.3 Analysis of the isolated effect of the CP changes in frequency and
characteristic rainfall

Precipitation during the dry-to-wet transition period is crucial for increasing the
evapotranspiration, the atmospheric moisture and for triggering shallow convection
during the early stages of the rainy season onset (see section 3.2.3.4; Wright et al.
2017). Deforestation can alter the rainfall and evapotranspiration during the pre-onset
period, and, therefore, impact the whole development of the wet season (Li and Fu
2004). In the previous section we analyze the changes induced by the forest loss in
the mean rainfall amount or characteristic rainfall of each circulation pattern, as well
as changes on its frequency of occurrence separately. To complement these analyses,

the question addressed in this subsection is how these alterations act together to
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impact the pre-onset rainfall. Therefore, we estimate the relative importance of the
changes in CP frequency versus alterations in CP characteristic rainfall induced by
deforestation for the total accumulated pre-onset rainfall. Here, the pre-onset period
is defined as the 120 days preceding the rainy season onset.

The accumulated rainfall at grid-cell j between the day -120 and the onset (day 0) P;
can be estimated through a decomposition of the characteristic rainfall p; , associated

to each k circulation pattern at location j, multiplied by its frequency of occurrence of

during the day i, denoted as n;;, according to Equation 3.2.

0
P; ZZ Z DjkMik (3.2)

k=1i=-120

9
With this approximation, we assume that all the days with atmospheric conditions
corresponding to each CP k will have the same associated rainfall, which corresponds
to the CP's rainfall composite mean. A similar approach has been previously used for
analyzing rainfall variability over different regions (Polcher 1995; Moron et al. 2008).
In order to test our approximation, Figure 3.11 shows the comparison between the
climatology of the accumulated precipitation during the pre-onset period in ReglPSL-
Control, and the total rainfall estimation using Equation 3.2, labeled as ‘reconstruction’
(Figures 3.11a and 3.11b, respectively). The pre-onset period usually occurs between
boreal summer and fall (July-September). For this reason, we observe high amounts
of accumulated rainfall over northern South America and the Pacific and Atlantic
Intertropical Convergence Zone (ITCZ; Figure 3.11a). The reconstruction of total
rainfall is very close to the accumulated rainfall climatology in spatial structure and
rainfall magnitude (Figure 3.11b). Precipitation is overestimated by the reconstruction
over most of the area (Figure 3.11c). Rainfall distribution at daily time scale is usually
skewed due to the presence of very frequent zero or non-rainfall values mainly during
the dry and dry-to-wet seasons. However, Equation 3.2 uses the precipitation
probability for each CP computed over the whole year. Therefore, the mean daily
precipitation associated with each CP is influenced by precipitation during both rainy
and dry seasons while our reconstruction is limited to a relatively dry period.

Nevertheless, within our region of interest (southern Amazonia, magenta box in Figure

76



Chapter 3: Amazon deforestation impacts on the regional climate at intra-seasonal timescales

3.11c), the total rainfall overestimation is only about +70.25 mm (+22%) in the three-
month period (Figure 3.11c). We also compute the reconstruction of the total pre-onset
rainfall for the deforestation experiment using the same methodology, in order to

evaluate the changes caused by the forest-loss.
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Fig. 3.11 Total accumulated rainfall for the pre-onset period (day -120 to day O or onset of the rainy
season) for: a RegIPSL Control climatology and b rainfall reconstruction using Equation 2. ¢ Differences
in the total accumulated rainfall for the pre-onset period between ReglPSL-Control climatology minus
RegIPSL reconstruction. d Differences in the total accumulated rainfall between reconstructions in the
ReglPSL-Deforested minus RegIPSL-Control experiment. e Total accumulated rainfall changes
induced by deforestation due to alterations in the frequency of the circulation patterns. f Total
accumulated rainfall changes induced by deforestation due to alterations in the characteristic rainfall of
the circulation patterns. Magenta box shows the southern Amazon domain (5°S-15°S, 70°W-50°W).
The magenta line highlights the deforested area. All subplots are in mm.

Following Equation 3.2, we can analyze the deforestation-induced change in total
accumulated pre-onset rainfall, as well as the individual effect of the changes in
frequency and characteristic rainfall of the CPs. The change in the total pre-onset
rainfall at grid-cell j between the deforestation and control experiments dP;, can be
divided in two different terms: (i) a first term representing the effect of changes only in
the frequency of each circulation pattern k with deforestation during each day i in the
pre-onset period (dn; ). The characteristic rainfall of CP k, p; x, remains unperturbed,;

(i) a second term corresponding to the effect of changes in the characteristic rainfall
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of each circulation pattern k, dp; . This term uses the CP frequencies of occurrence

of from the control experiment n; , (Equation 3.3).

9 0 9 0
ap; = z Z pjxdngx + Z Z Ny dpj (3.3)
0

k=1i=-120

Figure 3.11d displays differences in the total pre-onset rainfall reconstructions
between the deforested and control experiments. Deforestation increases rainfall over
the northern part of the continent (Colombia and Venezuela), the southeastern South
America (La Plata basin) and over the deforested areas of central and southern
Amazon. On the other hand, rainfall decreases over the eastern flank of the Andes,
the northeastern Atlantic coast, southeastern Brazil and over the surrounding areas of
the deforested patches. Over the southern Amazon, rainfall increases on average by
+2.98 mm. This rainfall increment is confined over the cleared areas (+12.17 mm),
whereas over non-deforested areas rainfall decreases around -5.43 mm. This
enhanced rainfall over deforested patches and its reduction over forested neighboring
areas is a typical spatial structure of the observed local thermally-driven circulations
induced by deforestation during the Amazonian dry season (Souza et al. 2000; Negri
et al. 2004; Chagnon and Bras 2005; Wang et al. 2009).

Changes in the regional total pre-onset precipitation due to the alterations in the CPs
frequency exhibit a very different spatial pattern. A latitudinal dipole with more (less)
rainfall in the northern (southern) part of the continent is observed (Figure 3.11e). Itis
interesting to note that the local precipitation changes over the deforested patches
observed in the differences between the total and the reconstructed pre-onset rainfall
climatology are not explained by the alteration in the CPs frequency. Conversely,
changes in the frequency of occurrence generate a regional-scale rainfall response.
Precipitation reduction over the eastern flank of the Andes (Figure 11d) is almost
completely explained by the alteration of CPs frequency. During the pre-onset period,
the most frequent CPs are the dry season regimes D1-D2-D3 and transitional CPs T1
and T2pw (see section 3.2.3.3). However, deforestation affects mostly the frequency
of CP T2pw (reduces its frequency in about -6%) while the rest of the weather regimes

do not exhibit significant changes (see section 3.2.4.2). For this reason, the isolated
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effect of CP frequency changes on the total pre-onset rainfall is very similar to a
negative phase of the rainfall anomalies linked to the CP T2wd (see Figure 3.4). Under
normal conditions, during this period of the year, the southern Amazon receives
precipitation due to the activity of the CP T2pw. Thus, it is expected that a reduction in
the occurrence of T2pw generates a rainfall decrease of —2.48 mm over the southern
Amazon. This rainfall reduction occurs over both deforested and non-deforested areas

(-1.72 mm and -3.18 mm, respectively) as it is related to regional circulation changes.

Alterations in the CPs characteristic rainfall induced by deforestation dominate the
total change in the accumulated pre-onset precipitation over most of the region
(Figures 3.11d-f). The precipitation increase over the deforested areas and the
decrease over the surroundings is fully explained by the changes in the CP’s
characteristic rainfall. In this way, the local effects of deforestation seem to influence
the magnitude and spatial distribution of rainfall associated with each CP rather than
its frequency. However, rainfall alterations over the SESA-SACZ region suggest that
deforestation also generates a regional-scale effect outside the deforested area
boundaries in the rainfall pattern linked with each CP. As our results were obtained
using a regional climate model with imposed large-scale circulation at the boundaries
of the spatial domain, the regional rainfall changes induced by alterations in the CP
frequencies should be confirmed by using a global climate model which fully
represents the non-local effects of the Amazonian forest loss (Zhang et al. 1996;
Gedney and Valdes 2000). Conversely to the southern Amazon rainfall depletion
linked to the changes in the CPs frequency, changes in the characteristic CPs rainfall
cause a rainfall increase of +5.48 mm. This rainfall increase is observed over the
deforested areas (+13.94 mm) as a local response to forest loss. At the same time,
rainfall is decreased (-2.24 mm) over the neighboring non-cleared areas as a result of
the development of mesoscale circulations supported by thermal contrast due to land
surface heterogeneities (Souza et al. 2000; Wang et al. 2009; Wongchuig et al. 2022
submitted to Journal of Hydrology).

3.2.5 Summary and conclusions

Previous works suggest that tropical rainforest evapotranspiration is crucial

moistening the lower troposphere, for triggering shallow convection and for initiating
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the wet season onset (Li and Fu 2004; Wright et al. 2017). However, how deforestation
can affect the initiation of the Amazon wet season is something that remains poorly
understood. In this study, we assess the impacts of the Amazon forest-to-cropland
conversion on the climatic conditions during the dry-to-wet transition period (August-
September), as well as on the onset and development of the rainy season in the
southern Amazon (5°S-15°S, 70°W-50°W). Using a weather typing approach, we
decompose the atmospheric circulation variability in tropical South America in its
dominant modes in order to analyze perturbations induced by deforestation in the
evolution of the rainy season. To accomplish this, we use 19 years of simulations
(2001-2019) with the regional climate model ReglPSL under two scenarios: (i) a
control scenario and (ii) a deforestation scenario based on future projections of
Amazonian forest loss developed by Soares-Filho et al. (2006).

The validation of the model is performed in three steps. First, the representation of the
annual cycle in water and energy variables over the southern Amazon is evaluated.
By comparing with satellite, in-situ measurements and reanalysis data, we find a well-
represented seasonality of precipitation, evapotranspiration and surface energy fluxes
by RegIPSL-Control. Using ERA5 horizontal winds at 850 hPa, the atmospheric low-
level circulation variability is decomposed in 9 regimes that correspond to recurrent
atmospheric states or circulation patterns (CPs). As previous works, we identify three
dry season (D1-D2-D3), three wet season (W1-W2-W3) and three transitional (T1-
T2pw-T3wp) regimes (Espinoza et al. 2021). Therefore, in the second validation step
we assess the model’s skill to properly represent the spatial structure and the relative
frequency of each CP along the year. A direct comparison with ERA5/CHIRPS wind
and rainfall anomalies shows that RegIPSL-Control reproduces broadly the main
atmospheric circulations and its seasonality. Finally, we complement the validation
analyzing the evolution in the atmospheric and surface conditions during the preceding
and subsequent days of the wet season onset. Despite small differences, RegIPSL-
Control is able to represent a realistic time evolution of the atmospheric circulation,
rainfall and evapotranspiration in the preceding and subsequent days of the wet
season onset, what enables the use of this model for exploring deforestation changes

in the evolution of the dry-to-wet transition.
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The southern Amazon is a region with land cover heterogeneity (mainly forest and
cropland/grassland). Different vegetation types can play a distinct role in the
development of the wet season onset. Thus, we use outputs from the control
experiment to analyze the differential behavior of forest and croplands/grasslands
along the preceding and subsequent days of the rainy season onset. The temporal
evolution of surface and atmospheric variables is similar over crop/grass and forest
areas and is controlled by large-scale phenomena. Nevertheless, the magnitude of the
forest and croplands/grasslands response to the synoptic forcing is different before
the onset of the rainy season. Less rainfall is simulated by RegIPSL-Control over
croplands/grasslands until wet season CPs W1-W2 begin to occur. Although the forest
areas exhibit higher evapotranspiration rates during the pre-onset period, crops
respond rapidly to the first rainy events before the wet season onset, and by the onset
date, crops and forest present similar evapotranspiration values. Due to the higher
evapotranspiration rates, the atmospheric column above forest areas is moister and
contain more convective available potential energy (CAPE) before the onset.
However, crop/grass areas present a warmer low-level atmosphere as a consequence
of higher sensible heat flux. Consequently, the lower troposphere is destabilized over
croplands/grasslands developing a shallow ascending motion during the beginning of
the wet-to-dry transition season. Crop/grass low-level ascending motion is suppressed
by large-scale subsidence associated to dry season CPs until 50 days before the
onset. By this time, the locally forced ascension overcomes the regional subsidence
and generates deep convection in the region, mainly over rainforest areas, where the
atmosphere presents higher potential for triggering convection. Finally, with the wet
season onset, the different response of forest and croplands/grasslands to the
synoptic forcing vanishes, and both vegetation type behaves similarly to the regional

atmospheric conditions.

With respect to our analysis on the impact of deforestation over the southern Amazon,
deforestation increases the reflected solar radiation, and decreases net surface
radiation, evapotranspiration and latent heat flux during the dry and dry-to-wet
seasons. Dry season atmospheric regimes D1-D2-D3 suffer very local changes in
circulation, with a wind acceleration over the deforested areas linked to a reduction in
the surface length. Additionally, deforestation does not affect the frequency of

occurrence of dry season atmospheric regimes D1-D2-D3 or the transitional circulation
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pattern T1. It is only by the end of the pre-onset period, when important changes in
circulation and frequency of occurrence begin to be important. The CP T2pw, which
characterizes the atmospheric conditions during the onset of the rainy season over the
southern Amazonia, decreases its frequency of occurrence in about -6% with
deforestation suggesting a delayed wet season onset. Changes in the atmospheric
circulation patterns linked to the SACZ and the SALLJ reinforce the idea of a
deforestation-induced dry season lengthening in agreement with previous studies
(Costa and Pires 2010; Boisier et al. 2015; Nobre et al. 2016; Alves et al. 2017; Ruiz-
Vasquez et al. 2020; Douville et al. 2021). Additionally, the austral summer SALLJ
experiments a weakening of the northerly winds that transport moisture toward
southern South America in the deforestation scenario, which increases (decreases)

precipitation in the northern (southern) part of the continent.

Finally, during the 120 days preceding the rainy season onset (pre-onset period),
deforestation induces a rainfall increase over the northern and southeastern parts of
the South American continent, as well as over the deforested patches of the central
and southern Amazon (+12.17 mm). At the same time, precipitation is decreased over
the eastern flank of the Andes, the northeastern Atlantic coast, and over the forested
areas in the vicinity of the deforested patches (-5.43 mm). Through a decomposition
of the individual attribution of changes in frequency and changes in the CP
characteristic associated rainfall, we identify two opposite effects on the accumulated
pre-onset rainfall: (i) a more regional deforestation-induced change linked to a rainfall
decrease (increase) over the southern (northern) part of the continent and the eastern
flank of the Andes. This change is caused solely by changes in the frequency of the
CPs, mainly by the reduced occurrence of the T2dw; (ii) a combination of local and
regional rainfall responses. The local signal explains the precipitation increase
(decrease) over the deforested areas (the surroundings of the deforested areas), while

the regional part is related with the rainfall rise over the southeastern South America.

Based on a weather typing approach, and therefore on the representation of the
atmospheric circulation from daily to inter-decadal timescales, our results strengthen
the link between the deforestation and the lengthening of the dry season over the
southern Amazonia. At the same time, these results show how the impacts of

deforestation are not limited to the wet season onset and affect the main features of
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circulation patterns during the wet season. In fact, we conclude that the land-
atmosphere interactions show differentiated changes through the year. Local
alterations near the land surface dominate during the dry and dry-to-wet transition
seasons, while regional-scale changes in the atmospheric circulation and precipitation
are observed during the wet season. However, the physical mechanisms behind the
changes in the frequency and spatial structure of wet season circulation patterns
remain unexplored in the present work. As far as we know, this is the first time in
analyzing the effect of deforestation on the evolution of the rainy season at intra-
seasonal timescales instead of looking for seasonal changes. Understanding the
progress of deforestation perturbations on the regional atmospheric circulation is
crucial in order to better comprehend the forest role on the climate system at different

timescales.
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4.1 Introduction

In the previous chapter we explore the impacts of Amazonian deforestation on the
principal atmospheric phenomena acting from daily to decadal timescales. In
agreement with several previous works (e.g. Badger and Dirmeyer 2015; Alves et al.
2017), we find major changes in the regional circulation and rainfall during the austral
summer (December-February). Precipitation during these months is important
because it constitutes nearly 75% of the total annual rainfall over the south tropical
Andes (Garreaud et al. 2003; Vuille and Keimig 2004) and around 50% over the
southern Amazon (Espinoza et al. 2009b), it has a direct effect in snow accumulation
in the mass balance of Peruvian and Bolivian glaciers (Sicart et al. 2005; Vuille et al.
2008; Rabatel et al. 2013), it feeds Amazonian groundwater reservoirs that allows
rainforest evapotranspiration during dry months (Miguez-Macho and Fan 2012b).
Therefore, in the present chapter we assess the possible impacts accompanying the
Amazon forest loss on the hydro-climatology of the Amazon-Andes transition region
(defined as the southwestern Amazon and the eastern flank of the Andes). This is an
important and little explored question taking into account that over this particular region
are located the rainfall and biodiversity hotspots, where precipitation recycling is the
highest, and where most of the sediments that fertilizes the Amazon lowlands are
produced (Chapters 1 and 2). The analysis performed on this chapter has been
published in a scientific article entitled ‘Deforestation impacts on Amazon-Andes

hydroclimatic connectivity’ in the journal Climate Dynamics.

4.2 Deforestation impacts on Amazon-Andes
hydroclimatic connectivity

Juan P. Sierra, Clementine Junquas, Jhan C. Espinoza, Hans Segura, Thomas
Condom, Marcos Andrade, Jorge Molina-Carpio, Laura Ticona, Valeria Mardofiez,
Luis Blaccutt, Jan Polcher, Antoine Rabatel, Jean Emmanuel Sicart

Article published in the journal Climate Dynamics on the 21" of October 2021
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42.1 Introduction

The Amazon is the largest tropical rainforest in the world. It exchanges water, energy,
and carbon with the atmosphere and is considered as an essential dynamic
component of the climate system (Bonan 2008; Malhi et al. 2008). The Amazon
ecosystem has been recognized as one of the major sources of evapotranspiration
(Fisher et al. 2011), releasing large amounts of water vapor to the atmosphere and
sustaining rainfall not only in the Amazon itself, but also in remote regions of the South
American continent (Eltahir and Bras 1994; Van Der Ent et al. 2010; Martinez and
Dominguez 2014; Zemp et al. 2014). In addition, the latent heat release linked to
moisture recycling over the Amazon basin engines global and regional atmospheric
circulation (Gill 1980; Eltahir 1996; Gedney and Valdes 2000). Therefore,
understanding the impacts of continued deforestation on the regional and global

hydroclimate has become an urgent and extensively explored scientific question.

The Amazonian forest has been intensively cleared since the 1970’s (Fearnside 1993;
Nepstad et al. 2009). After a slowdown of deforestation rates during the period 2004—
2012, the small-scale forest loss rates increased again over the last decade
(Kalamandeen et al. 2018; Eiras-Barca et al. 2020). Deforestation, as every effect of
human activities on the climate system, disturbs the Earth’s radiation budget and can
be an important forcing for climate change (Hartmann et al. 2013; Mahowald et al.
2017). Indeed, when the rainforest is replaced by cropland or grassland, the energy
balance is disturbed by: (i) a reduction in surface roughness and actual
evapotranspiration, decreasing the surface energy loss from turbulent heat removal
and latent heat flux (Gash and Nobre 1997; Lee et al. 2011; De Nob- let-Ducoudré et
al. 2012); (ii) an increase in the incoming solar radiation at the surface linked to less
clouds and less evapotranspiration rates (Salati and Vose 1984; Bala et al. 2007); (iii)
a reduction in absorbed solar radiation due to an increased surface albedo (Berbet
and Costa 2003; von Randow et al. 2004); and finally (iv) less incoming infrared
radiation driven by drier air as a result of the reduced evapo- transpiration (Eltahir
1996; Claussen et al. 2001). In-situ measurements find a decrease in the surface net
radiation over cleared areas (Bastable et al. 1993; von Randow et al. 2004). Although
at the annual time scales an air temperature warming of the layer close to the surface

follows the forest clearance (Gash and Nobre 1997), the reduction in the net surface
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radiation generates a cooling of the upper atmosphere and a subsidence that weakens
the regional circulation (Eltahir 1996). In this sense, perturbations that initially occur at
the surface and within the lower part of the atmosphere modify the vertical transport
of heat and moisture, altering convection and subsidence over extended regions and
affecting large-scale features such as the Hadley and Walker cells (Zhang et al. 1996;
Snyder 2010; Badger and Dirmeyer 2015).

Atmospheric circulation and Amazonian rainforest compound a coupled bio-
geophysical balanced system. Perturbations in the vegetation state through
deforestation can drive very different changes in atmospheric circulation depending
on its spatial scale. Observations and theoretical works show small-scale deforestation
(<10 km) triggering thermally driven land breeze resulting from differences in sensible
heat fluxes between pastured and forested areas (Pielke 1984, 2001; Atkinson 1989;
Wang et al. 1996; Souza et al. 2000; D’Almeida et al. 2007; Lawrence and Vandecar
2015). However, thermally driven circulations seem to be scale-dependent and can
weaken as deforestation areas increase (Avissar and Schmidt 1998; Patton et al.
2005). At spatial scales larger than 100 km, land surface heterogeneities cannot
produce enough surface gradient to sustain thermal circulation (Dalu and Pielke 1993).
In fact, a recent study in Rondonia-Brazil demonstrates how when cleared areas grow,
a shift occurs from a thermally convective regime towards a dynamically driven state
where the roughness length reduction dominates and favors (inhibits) convection over
areas in the downwind (upwind) direction of the deforested zone (Khanna et al. 2017).
Since deforestation impacts on hydrological and atmospheric processes are complex
and scale dependent, regional and global climate models stand out as useful tools to

better understand the response of the climate system to land-use perturbations.

Numerical climate models have been extensively used for analyzing the impacts of
deforestation over regional and global climate (Nobre et al. 2016 and references
therein). Mesoscale models are able to represent the observed changes in circulation
and clouds that follow small-scale deforestation (Chen and Avissar 1994; Wang et al.
2000; Saad et al. 2010). Furthermore, the thermal-to-dynamical shift regime caused
by the rainforest loss reported over south-western Brazil is also reproduced by these
models (Khanna et al. 2017). Under different deforestation scenarios, models project

more frequent dry events and a lengthening of the Amazonian dry season (Nobre et
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al. 1991; Costa and Pires 2010; Bagley et al. 2014; Alves et al. 2017; Ruiz-Vasquez
et al. 2020). Although recent observational studies report similar changes in
Amazonian dry season hydrology since 1979, the attribution of these alterations to
deforestation is not straightforward and evidence suggest an additional influence of
the tropical north Atlantic Ocean warming (Fu and Li 2004; Yoon and Zeng 2010; Butt
et al. 2011; Marengo et al. 2011; Fu et al. 2013; Debortoli et al. 2017; Espinoza et al.
2019, 2021; Leite-Filho et al. 2020). It is important to remark that, taking into account
the dependency of cli- mate response to the size of deforestation, the current spatial
scale of Amazonian cleared area is not enough for predictions of extreme
deforestation scenarios to be manifested or detected (D’Almeida et al. 2007; Nobre et
al. 2016). On the other hand, under extensive deforestation scenarios climate models
predict a reduction in precipitation recycling and rainfall in places downstream of the
cleared areas caused by the shut off of forest transpiration (D’Almeida et al. 2007;
Moore et al. 2007; Correia et al. 2008; Swann et al. 2015). At the same time, empirical
estimates have found that south- western Amazon is particularly dependent on
evapotranspiration from other parts of the basin (Zemp et al. 2017b; Staal et al. 2018).
Hence, several simplified and regional climate models present a decrease in rainfall
and moisture transport over this particular area (Sun and Barros 2015a; Boers et al.
2017; Zemp et al. 2017a; Ruiz-Vasquez et al. 2020). However, an opposite effect of
intensified moisture transport towards south-western Amazon and south-eastern
South America has been suggested by some modelling studies as the result of
deforestation induced decreasing in surface roughness (Lean and Rowntree 1997,
Eiras-Barca et al. 2020). These different responses to similar deforestation scenarios
suggest the need to further assess the impacts of Amazon forest clearance over the

regional climate.

In the Amazon-Andes transition region lies the rainiest and biologically richest area of
the entire Amazon basin (Myers et al. 2000; Killeen et al. 2007; Hoorn et al. 2010;
Espinoza et al. 2015). This region encompasses complex Andean topography, ranging
between almost sea level in the Amazon lowlands to more than 6000 m a.s.l. over the
Andean summits. This causes a strong orographic effect that interacts with regional
atmospheric circulation to produce an exceptional spatial rainfall contrast (Chavez and
Takahashi 2017; Junquas et al. 2018). There, high precipitation rates lead to large

values of runoff per unit area (Moquet et al. 2011), providing most of the sediment load
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to Amazon rivers (Vauchel et al. 2017; Armijos et al. 2020). Consequently, extreme
hydrological events over this region can impact the whole basin downstream
(Espinoza et al. 2014). Particularly, the Amazon-Andes transition region exhibits the
largest precipitation recycling (portion of the precipitated water previously transpired
by the Amazonian rainforest) of the Amazon catchment (Eltahir and Bras 1994;
Dirmeyer and Brubaker 2007; Van Der Ent et al. 2010; Staal et al. 2018). Therefore,
this region can potentially be highly sensitive to Amazon deforestation effects.
Nevertheless, the surface- atmosphere coupling over this area has been poorly
studied and most of the referent work has been focused over Brazilian Amazon or was
based on coarse horizontal resolution modelling experiments insufficient to capture

the required details of the topographical influence on local convection.

This study aims to better understand the deforestation effects on moisture transport
and rainfall over the Amazon-Andes transition region during the heart of the wet
season (December-January—February, DJF). During this season nearly 50% of total
annual precipitation falls over the region (Espinoza et al. 2009). Since Amazonian
groundwater recharge during wet periods can sustain forest transpiration rates during
dry months (Miguez-Macho and Fan 2012), DJF alterations in rainfall patterns may
have a profound impact in the watershed hydrology. The strong summer convection
in the region is controlled by atmospheric processes that are part of the development
of the South American Monsoon System (SAMS; Vera et al. 2006; see Sect. 3.1 for
details) and which may be sensitive to impacts on surface energy/ water fluxes

induced by land use change (Li and Fu 2004).

Taking into account the potential sensitivity of the Amazon-Andes transition region to
deforestation and the need for high-resolution studies, the present work analyzes the
deforestation land-use change impacts on regional energy and water budgets, as well
as rainfall alterations at a local scale through the use of high-resolution simulations
(up to 1 km horizontal grid size) with the regional climate model Weather Research
and Forecasting Model (WRF). Model hourly outputs are compared with observational
data from rain-gauges and satellites in order to elucidate the possible changes caused
by Amazonian deforestation in the diurnal and nocturnal precipitation inside two typical
Andean valleys during 2001-2011 austral summers. We describe the configuration of

the model, the deforestation experiment and reference data used in Sect. 4.2.2. In
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Sect. 4.2.3, we validate the model skill to reproduce the precipitation, general
circulation and moisture transport at regional scale, as well as its ability to properly
represent the deforestation signal in comparison with observations from the Large-
Scale Bio- sphere-Atmosphere (LBA) project. The impacts of deforestation on
moisture transport and rainfall at regional, meso and local scales are analyzed in Sect.

4.2.4. Finally, Sect. 4.2.5 summarizes and discusses the main results.

4.2.2 Data and methods

4.2.2.1 Model description

This study uses the regional climate model WRF version 4.1 (Skamarock et al. 2019).
The model WRF was used in previous works to study the climatology of tropical South
America and the Amazon basin (Bagley et al. 2014; Sun and Barros 2015b, a; Mourre
et al. 2016; Junquas et al. 2018; Spera et al. 2018; Trachte 2018; Heredia et al. 2018;
Yang and Dominguez 2019; Eiras-Barca et al. 2020; Saavedra et al. 2020). WRF is a
non-hydrostatic model with terrain- following vertical levels (we use 49 vertical levels
with higher level density near the surface). We employ three one- way nested
modelling domains as shown in Fig. 4.1a. Table 4.1 summarizes the information of
spatial and temporal resolution for each of the three domains used in this work. The
first domain encompasses tropical South America and has a horizontal resolution of
15 km x 15 km with a time step of 90 s. The second and third domains have spatial
resolutions of 5 kmx5 km and 1 kmx1 km, respectively and cover the south-western
part of the basin. Time steps for these two domains are 30 s and 6 s, respectively.
Domain 3 comprises the instrumented Andean valleys of Zongo and Huarinilla used
for model validation (Fig. 4.1b). In order to analyze the diurnal and nocturnal
atmospheric conditions we use an out- put time resolution of 3 h for domains 1 and 2,

and 1 h for the finest domain.

Lateral boundary conditions from ERAS reanalysis (Hersbach et al. 2020) are used.
This reanalysis presents an enhanced horizontal resolution of 0.28° x 0.28° (31 km)
with data available every 6 h (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-

datasets/era5). Significant improvements in the representation of several model
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processes in this reanalysis are reflected in a better fit in winds, temperature and
humidity in the troposphere compared against radiosonde data (Hersbach et al. 2020).
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Fig. 4.1 a WRF simulation domains (black boxes labelled D01, D02, and D03 respectively), deforested
area and locations of selected flux towers from the Large-Scale Biosphere—Atmosphere Experiment in
the Amazon. Domains 1, 2 and 3 encompass the areas 24 °S—10 °N/90-40 °W, 20-8 °S/80-60 °W and
18-15 °S/69-66 °W respectively. Delineated area represents the boundary of the Amazon River basin
(black). b D03 subregion (red square in a) and locations of rain-gauges stations over two Andean

mountain valleys. Land-use category distributions for: ¢ Control and d deforested scenarios.

Table 4.1 Characteristics of the domains used in WRF simulations

WRF-D01 WRF-D02 WRF-D03
Horizontal resolution | 15 5 1
(km)
Domain Tropical South | South-western Bolivian Andean
America Amazon valleys
Domain center | 7° 30" 00" S, 65° 00’ | 13° 56’ 12" S, 70° 4’ | 16° 35 49" S, 67° 38’
coordinates 00" W 49" W 56" W
Configuration Regional simulation One-way nesting One-way nesting
Forcing ERA5 WRF-DO1 WRF-D02

Vertical resolution

49 hybrid vertical levels

49 hybrid vertical levels

49 hybrid vertical levels

Run time step (s)

90

30

6

Output time resolution

(h)

3

1

1
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Table 4.2 Physical parameterizations used in WRF simulations

Parameterizations References
Radiation Longwave: rapid radiative | (Mlawer et al. 1997)
transfer model (RRTM)
Shortwave: Dudhia scheme (Dudhia 1989)
Cumulus Grell 3D (Grell and Dévényi 2002)
Planetary boundary layer Yonsei University scheme (Hong et al. 2006)
Land surface Noah land surface model (Chen and Dudhia 2001)
Cloud microphysics Lin scheme (Lin et al. 1983)
Surface layer MMS5 similarity (Paulson 1970)

Preliminary tests for different model configurations (not shown) allow selecting the
parameterizations shown in Table 4.2. Summarizing, we use the Yonsei University
scheme for representation of the boundary layer (Hong et al. 2006) with the wind
topographic correction activated (Jiménez and Dudhia 2012). This wind correction
takes into account the momentum sink term generated by the unresolved terrain at
sub-grid scale in the model. It has shown improvements in the simulated wind field
over complex terrains (Jiménez and Dudhia 2012) and has already been tested in the
tropical Andes (Junquas et al. 2018). Lin’s microphysics scheme is implemented (Lin
et al. 1983) for phase change and precipitation. We also use Grell 3D parametrization
for sub-grid scale convection over domains 1 and 2 (Grell and Dévényi 2002). Previous
studies demonstrate convection parametrizations as one of the major uncertainties in
the representation of rainfall diurnal cycle (Brockhaus et al. 2008; Hohenegger et al.
2008). Taking this into account and considering that a spatial resolution higher than 4
km is considered enough for non-hydrostatic models to explicitly solve convection
(Weis- man et al. 1997; Ramos da Silva and Avissar 2006), we deactivate the cumulus
parameterization over the finest domain. Additionally, we change the default WRF
topography from the United States Geological Survey (USGS) to the Shuttle Radar
Topography Mission (SRTM) product (Farr et al. 2007). This dataset presents a more
realistic representation of the altitude of meteorological stations over the Peruvian
Andes when compared with USGS and enhances the representation of rainfall and
temperature in the same region with the model WRF (Saavedra et al. 2020). The

SRTM dataset has a spatial resolution of 30 arc-second or approximately 1 km.

In order to obtain a climatological state of the south-western Amazon wet season, our

simulations cover 10 years of austral summers for the time period 2001-2011. Each
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simulation starts on November 1st and the first month is removed as a spin-up for the

output analysis.

4.2.2.2 Description of the experiments

For each austral summer in the period 2001-2011, we con- duct two simulations with
WRF sharing the same atmospheric lateral boundary conditions, but with different
land- cover states. The control simulation (“Control” or “Con”) corresponds to
vegetation conditions for the year 2000 using the land cover map developed for South
America by Eva et al. (2004) (Fig. 4.1c). This dataset was implemented in WRF by
Saavedra et al. (2020) and exhibits a spatial resolution of 1 km x 1 km. For the
deforested simulation (“Deforested” or “Def”), we use the deforested scenario 2050
business-as- usual from Soares-Filho et al. (2006; Fig. 4.1d). This scenario reaches
45% of forest lost and assumes the continuation of the 1997-2002 registered
deforestation rates, no definition of new protected areas in the basin and the building
of all planned highways (Soares-Filho et al. 2006). This scenario does not include the
forest impoverishment through logging and fires. The implemented deforestation
polygon is shown in Fig. 4.1a. Amazon deforestation involves the replacement of
native forest by mixed crops (mainly soybean and corn), as well as pasture for cattle
feeding. For this reason, within the deforested polygon natural vegetation (this
includes all types of forest, shrublands, grasslands and savannas) grid points are
replaced by cropland/grassland mosaics.

4.2.2.3 Data

In order to validate the model’s ability to represent the rain- fall spatial distribution in
the region, we use the product Tropical Rainfall Measuring Mission 3B42 (TRMM,;
https:// disc.gsfc.nasa.gov). This dataset, available from 1998, presents a 0.25° x
0.25° resolution and includes precipitation rates every 3 h (Huffman et al. 2007).
However, previous studies have identified a strong rainfall underestimation by TRMM
in the Amazon-Andes region (Espinoza et al. 2015; Zubieta et al. 2015; Chavez and
Takahashi 2017). For this reason, we complement the model validation with daily
information of 10 rain-gauge stations (Fig. 4.1b) from the Bolivian Electric Power

Company (COBEE) and man- aged in collaboration with the Institute of Research for
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the Development (IRD)—France. Additionally, three stations with hourly data were
used from Schwabe et al. (2011). Table 4.3 presents the general information of each
rain-gauge station according to official records of COBEE. We complement this
information with location and altitude information of the stations from author’s field
campaigns (Table B1). The quality assessment of these rainfall stations was carried
out by previous works (Molina-Carpio et al. 2019 and Laura Ticona, personal
communication). The use of in-situ information also allows characterizing the model
skill to capture the precipitation variability at small spatial scale in an Andean valley
where local processes are important (Egger et al. 2005; Trachte et al. 2010; Junquas
et al. 2018). Additionally, the representation of the regional atmospheric circulation
and moisture transport are validated by a direct comparison between WRF outputs
and ERA5 and NCEP- NCAR (Kalnay et al. 1996) data.

To test whether WRF responds realistically to the changes induced by land-use
alterations, we use observations of energy surface fluxes, air temperature,
precipitation and wind speed from the Large-Scale Biosphere—Atmosphere (LBA)
project (Saleska et al. 2013). This dataset is avail- able at the website
https://daac.ornl.gov/LBA/guides/ CD32_Brazil Flux_Network.html. The LBA project
was a large scientific effort carried out between 1996 and 2006 for assessing the
influence of tropical forest conversion in carbon storage, nutrient dynamics and trace
gas fluxes in the Amazon. Since the region of interest of this study is the Amazon-
Andes transition region, we only use the closest stations from the LBA project that fits
inside our second modelling domain (Fig. 4.1a). Because of their geographical
location, these stations experience annual cycles of precipitation and temperature
similar to the south-western Amazon variability. The first station, Fazenda Nossa
Senhora de Aparecida (yellow triangle labeled as “FNS” in Fig. 4.1a), is a cattle ranch
located at the center of a deforested area of about 50 km in radius cleared in 1977 for
crop cultivation. The tower flux stands at 306 m a.s.l., 10.75° S, 62.35° W and presents
daily data for the period 1999-2002. The second station corresponds to Rondonia
Jaru Biological Reserve and is located at 191 m a.s.l,, 10.08° S, 61.93° W (green
triangle labeled as “RJB” in Fig. 4.1a). This is a natural reserve of the Brazilian
Environmental Protection Agency covered by tropical dry forest with a mean tree
height of 33 m that was established in the 1960s and expanded in 2006. The proximity

of these stations (around 87 km) allows testing the impacts of land use change on
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surface fluxes and the atmospheric bottom conditions. For validation we only use data
for DJF 2001-2002 when WRF simulations and LBA data availability periods overlap

in time.

Table 4.3 Name, geographic location, elevation, temporal range and annual rainfall of rain-gauge stations from
the Bolivian Electric Power Company (COBEE) and Schawe et al. (2011). Annual and DJF rainfall means in the
fifth column correspond to the period 2001-2011 except for the three last stations covering the period 2001-2002.
Geographic location and elevation of rain-gauge stations recorded by author’s field campaigns are shown in
Supplementary material, Table B1

Name of | Location Elevation (m | Temporal Mean annual rainfall
station (latitude, a.s.l.) period (years) | and standard deviation
longitude) in mm/year (mean and
standard deviation of
DJF rainfall in
mm/month)
Plataforma 16° 16'43.0" S, | 4750 1971-2018 691 + 221 (138 + 23)
68° 07' 24.0" W
Tiquimani 16°12'27.1" S, | 3900 1971-2018 918 + 274 (196 + 33)
68° 07' 20.0" W
Botijlaca 16°11'32.5"S, | 3492 1971-2018 983 + 128 (178 + 35)
68° 08' 26.0" W
Cuticucho 16°08'34.5"S, | 2697 1971-2018 2053 + 180 (341 + 50)
68° 06' 55.0" W
Santa Rosa 16° 07'55.8" S, | 2505 1971-2018 1748 + 563 (317 + 51)
68° 06' 29.5" W
Sainani 16°07'24.5"S, | 2210 1971-2018 1975 + 604 (358 + 46)
68° 05' 21.5" W
Chururaqui 16° 06'20.7" S, | 1830 1971-2018 2086 + 211 (334 £+ 67)
68° 04' 05.5" W
Harca 16° 05'20.2" S, | 1480 1971-2018 2061 + 678 (358 + 73)
68° 02' 40.0" W
Cahua 16°03'21.6" S, | 1195 1981-2018 2595 + 394 (405 + 76)
68° 00' 50.7" W
Huaji 16°02'28.4"S, | 945 1999-2018 2676 + 830 (454 + 70)
67° 58' 37.4" W
Hornuni 1800 16.215° S, | 1800 2001-2002 2310 (311)
67.887° W
Hornuni 2600 16.201° S, | 2600 2001-2002 3970 (489)
67.892° W
Hornuni 3010 16.192° S, | 3010 2001-2002 5150 (651)
67.902° W

4224

Calculation of energy/water balances and atmospheric stability

The energy budget at the surface is described by Duveiller et al. (2018):

Ng = (Sin - Sout) + (Lin - Lout) = Sensy + Laty + Gry

(4.2)
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Here, Np corresponds to net radiation and is the summation of contributions from
shortwave and longwave components: S;,, is the incident shortwave or solar radiation,
Sout 1S the reflected solar radiation, L;, is the incoming longwave component and L,,,;
is the emitted longwave radiation flux. The net turbulent heat flux is later distributed in
sensible heat flux (Sensy), latent heat flux associated with evaporation from the
surface (Laty) and molecular conduction flux from the ground (Gry). All the terms in
Eg. (4.1) are in W m?. Land use change disturbances in the energy budget are
assessed by computing the differences in DJF climatological means for each term of

Eq. (4.1) between Deforested and Control scenarios.

The atmospheric water budget establishes how precipitation, evapotranspiration and
net moisture transport entering/leaving an atmospheric column controls the temporal
changes in the vertically integrated water content (Peixoto and Oort 1992). At seasonal
timescales the temporal changes in atmospheric moisture are negligible and
precipitation, evapotranspiration and column moisture convergence nearly balances
each other (Brubaker et al. 1993; Li et al. 2013). Hence, the climatological changes

induced by deforestation in the water balance can be expressed as follows:

= = 1 200 =
APDef—Con = AEDef—Con - EAV ) f1000h::a q VHdpDef—Con (4-2)

In Eq. (4.2), P is precipitation, E is evapotranspiration, and V - fzoo’”’“ q I7Hdp is the

1000,p4
divergence field of vertically integrated moisture flux from 1000 hPa to 200 hPa. The
bars denote climatological DJF means.

Finally, we evaluate the deforestation impacts on the atmospheric stability in tropical
South America. Over the Amazon, the moistening of mid-tropospheric levels is
associated with the development of deep convection in the region, which is related to
the decreasing of atmospheric stability between middle and upper levels of the
troposphere (Scala et al. 1990; Zhuang et al. 2017). For this reason, recent works use
the difference of equivalent potential temperature (68,) between middle (500 hPa) and

upper (200 hPa) troposphere (6 ) as an atmospheric stability index (Segura et

€200-500
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al. 2020). The equation of equivalent potential temperature can be written following
Stull and Ahrens (2011):

0, =0+ (%f,)r (4.3)
where, 6 corresponds to potential temperature, Ly is the latent heat of vaporization,
Cp is the specific heat for air at constant pressure, T corresponds to the air absolute
temperature and r is the air mixing ratio. The first term of this equation is related to dry
adiabatic processes while the second one includes the effect of moisture in the net
energy of an air parcel. Thus, the changes in the difference between mid and upper

tropospheric equivalent potential temperature (6 ) allows separating the

€200-500

individual effects of dry and wet processes in the regional atmospheric stability. Again,
climatological mean differences in each term of Eq. (4.3) between Deforested and
Control scenarios allow evaluating the impact of deforestation in the regional
atmospheric stability.

4.2.3 Model validation

4.2.3.1 Regional scale

The development of the SAMS establishes a northerly cross-equatorial flow (Wang
and Fu 2002) and enhances convection over central Amazon (Vera et al. 2006; Fig.
4.2a, c). A cloudiness/rainfall band known as the South Atlantic Convergence Zone
(SACZ) extends from southern Amazonia towards south-eastern Brazil and
accompanies the mature phase of the SAMS (Kodama 1992; Figueroa et al. 1995;
Zhou and Lau 1998; Fig. 4.2a). The diabatic heating released by the convective activity
generates a large anticy- clonic circulation at the upper troposphere centered around
15 °S-65 °W known as the Bolivian High (Lenters and Cook 1997; Fig. 4.2e). Latent
heat release over central Amazon also promotes a low-level continental-scale gyre
that transports water vapor from the Atlantic Ocean inland towards Amazon and La
Plata basins (Rodwell and Hoskins 2001; Vera et al. 2006; Fig. 4.2c). Over the eastern
flank of the Andes, this circulation reaches its maximum wind velocities forming the
South American Low-Level Jet (SALLJ). Over its trajectory, the transport of moisture
through the SALLJ encounters the topographical barrier of the Andes triggering forced
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convection in very localized places or rainy hotspots mainly in the Bolivian and
Peruvian piedmonts (Espinoza Villar et al. 2009; Espinoza et al. 2015; Chavez and
Takahashi 2017; Fig. 4.2a).
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In general terms, the model is able to reproduce the main precipitation features during
the austral summer (Fig. 4.2b). WRF-DO1 represents the strong precipitation over
central Amazon but with its maximum shifted eastward. The characteristic northwest-
southeast rainfall band of the SACZ is present in WRF simulation. However, the model
shows a considerable negative bias over the northern Peruvian low- lands (until -50%
of dry bias when compared to TRMM; red contours in Fig. 4.2b). Rainfall Peruvian and
Bolivian hotspots are also part of the model climatology. Nevertheless, WRF
underestimates the former and overestimates the latter. The Atlantic ITCZ is strongly
overestimated by WRF (up to +200% with respect to TRMM; red contours in Fig. 4.2b).
This wet bias is related to a too strong vertically integrated moisture convergence in
the model output (Fig. 4.2d). Finally, upper and lower atmospheric circulations are
realistically represented by WRF (Fig. 4.2d, f). As in ERA5 outputs, WRF easterly low-
level winds carry moisture from the Atlantic Ocean toward the continent (Fig. 4.2d).
The moisture flow moves parallel to the Andes cordillera mechanically deviated
exporting humidity toward southern latitudes both for ERA5 and WRF. At the altitude
of 200 hPa, the model develops the anticyclonic circulation of the Bolivian High (Fig.
4.2f). Simi- lar features of vertically integrated moisture flux and upper level
atmospheric circulation are found in NCEP-NCAR reanalysis (see Supplementary
material, Fig. B1).

Deforestation Induced Changes (%)

IS

-101
Spec H Lon RO Lon RI Short RI  Net Rad Tem 2m

%

100
B Obs
50 4 WRF
%
0 P . ._ p—— u—
-50 r ’ . ; ;
Ppt LatH SensH ShRO winds

Fig. 4.3 Deforestation induced changes in surface atmospheric variables over LBA stations (blue bars)
and WRF-DO02 (orange bars) for DJF in the period 2001-2002. Significant differences are delineated in
red (t-test, p<0.05). Abbreviations are as follows: Spec H-specific humidity at 2 m, Lon RO-longwave
outgoing radiation, Lon RI-longwave incoming radiation, Short RO-shortwave outgoing radiation, Short
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RI-shortwave incoming radiation, Net-Rad-net radiation, Tem2 2 m-air temperature at 2 m, LatH-latent
heat flux, SensH-sensible heat flux, Ppt-precipitation, WindS—wind speed at 10 m.

4.2.3.2 Local scale

In order to validate if WRF reproduces the observed land use change impacts on
surface fluxes and atmospheric variables at a local scale, we compare the selected
LBA stations (Sect. 4.2.2.3) against the WRF-D02 Control simulation for DJF 2001—
2002. We take the paired pasture/rainforest sites from the LBA project and compute
the observed changes in surface variables in percentage respect to the forest values.
Then, similarly, we take the coordinates of the LBA pasture and rainforest stations and
extract information of atmospheric variables from model outputs in order to compute
the percentage changes. For WRF outputs, we average variables of interest around
each location inside a surrounding area of 15 km x 15 km (one grid-point-radius) but
selecting only the grids corresponding to cropland/grassland or forest respectively and
ignoring grid cells with a different land use category. Between a 15 km radius and a
50 km radius, no significant changes are found in the WRF deforestation response

(not shown).

Figure 4.3 shows the simulated and observed (orange and blue bars, respectively)
mean differences of surface variables due to deforestation. Significant differences are
highlighted in red contour according to a t-test (p< 0.05). In general terms, WRF is
able to properly represent the nature of most of the alterations in surface fluxes and
atmospheric variables induced by the land use change. Land cover change is related
to reduced precipitation by around -44% and -30% in observations and WRF,
respectively. However, since precipitation is also related with non-local processes, it
is difficult to establish a deforestation-rainfall causality relation. Consistently,
significant reductions in surface specific humidity are observed but weakly simulated

(around -11% and —1% in observations and WRF, respectively).

Accordingly, there is a significant decrease in latent heat flux for observations (-37%)
with a weaker response by WRF (-14%). This implies that WRF underestimates the
evapotranspiration response induced by deforestation. There is a significant increase
in sensible heat flux and surface air temperature in LBA stations (68% and 1%,

respectively). WRF strongly underestimates the sensible heat increase and even
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slightly invert the temperature response to land use change (1.49% and -0.02%
respectively). The effects of the increased sensible heat and temperature (only
sensible heat in WRF) act to give an increase in the outgoing longwave radiation flux
in LBA stations of 1.6% (0.7% in WRF). Since pastures and croplands are brighter
than forest (Oguntoyinbo 1970; Bonan 2008), an increase in the albedo raises the out-
going or reflected shortwave radiation by 86% for observations (Loarie et al. 2011).
The albedo effect is overestimated by WRF, which presents an outgoing shortwave
radiation pasture/forest difference of 104%. This overestimated energy loss can be
related with the model underestimation of sensible heat flux increase. More incoming
shortwave radiation reaches the surface in model and observations (4% and 7%
respectively). This difference in WRF simulation is a consequence of cloud reduction
over deforested areas (not shown). There is a disagreement between the modelled
and observed changes in the incoming longwave radiation. While WRF exhibits a
decrease in this variable (-1.64%), observations report an increase of about 1.38%.
This difference is possibly explained by biases in the model representation of clouds
or because of the drier WRF mid-upper tropo- sphere (not shown). At the end, driven
by the incremented energy losses through longwave radiation fluxes and short- wave
radiation reflection, there is a reduction in net radiation for WRF (-15%) and LBA
stations (-8%). Finally, the enhanced surface wind speed at 2 m is a direct
consequence of the deforestation induced roughness-length reduction in both model
(53%) and observations (95%).

4.2.4 Results and discussion

This section is composed of two subsections, in the first part we evaluate the effects
of deforestation in the energy and water balances, as well as the atmospheric stability
at regional-scale (90°-60° W, 24° S—9° N). The second subsection is focused on the
alterations in the hydro-climatology at meso and local scales, especially over the

Amazon-Andes transition region and Andean valleys of Bolivia.
4.2.4.1 Regional changes in energy and water balances

Climatological alterations in the surface energy balance (Eq. 4.1) induced by

deforestation are shown in Fig. 4.4, in which significant differences are highlighted with
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black slashes. The last term in Eq. 4.1 corresponding to soil heat flux is omitted
because it exhibits much smaller magnitudes with respect to the other terms (xt1 W m-
2). Indeed, in situ measurements report low soil heat fluxes below tropical forest

(Shuttleworth et al. 1984), but important values for crops (Oliver et al. 1987; Gash and
Shuttleworth 1991).
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radiation (ASoutDef_Con). ¢ Longwave incoming radiation (AEDef_Con). d Longwave outgoing radiation

(ALoutDef—COn)' e Sensible heat flux (AsenSHDef—Con)' f Latent heat flux (ALatHDef—Con)' g Net radiation

(Aﬁpef_am). All figures are in W m-2. Significant changes (t-test, p< 0.05) are marked with black
slashes. Orography elevation is shown at 500 and 3500 m a.s.l. as black and grey contours,
respectively.

Important changes in the incoming solar radiation are induced by the forest loss in the
region (Fig. 4.4a). In general, more (less) incident solar radiation reaches the ground
over places where reduction (rise) in precipitation and moisture convergence are
located (see Fig. 4.5) such as in the central and south-western Amazon (north of South
America and eastern Brazil). Hence, disturbances in incident solar radiation are
closely linked with changes in clouds in WRF simulations as confirmed by analyzing
top of the atmosphere (TOA) outgoing longwave flux and cloud water content (not
shown). However, major changes in the energy balance occur in the outgoing
shortwave radiation (Fig. 4.4b). A significant increase in about +20 W/m-2 occurs only
over deforested areas which reflects the very local response induced by the higher
cropland/grassland albedo. With a minor response, reductions in the longwave
incoming radiation occur over most of the Amazonian watershed (Fig. 4.4c) as a result
of a drier atmosphere and lower cloud cover in the deforested scenario (not shown).
On the other hand, there is a meridional dipole in longwave outgoing radiation changes
(Fig. 4.4d). Important disturbances in this variable take place mainly over deforested
areas which implies the influence of very local processes. North of the Amazon river
(<5°S) at the East of the basin, upward longwave radiation increases as a
consequence of an increase in surface emissivity over this area (not shown). However,
in the southern part of the basin, less outgoing longwave radiation is related to
reductions in the air surface temperature. Sensible heat disturbances are linked to
surface air temperature changes (not shown). Thereby, reductions (increments) in this
turbulent flux are located over deforested areas (Fig. 4.4e) and are related to
decreasing (increasing) surface temperature (not shown). Similarly, latent heat flux
decreases over regions with evapotranspiration reductions (Figs. 4.4f, 4.5b). In the
end, the enhanced energy loss through reflected shortwave radiation as well as the
reduced incoming longwave radiation flux decrease the surface net radiation over the
deforested and surrounding areas (Fig. 4.4g). This reduction in net radiation is very
important for driving alterations in the regional moisture convergence as pointed out

by Zeng and Neeling (1999). It is important to remark that the overestimation of the
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albedo effect and the weaker model responses in sensible heat and longwave
outgoing radiation fluxes, as well as roughness length and surface wind velocity (see

Sect. 4.2.3.2) constrain our conclusions in the following sections.
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significant vectors are shown. Figures a-c are in mm day!. Significant changes (t-test, p<0.05) are
marked with black slashes. Orography elevation is shown in Figs. 4.5a-d at 500 and 3500 m a.s.l. as
black and grey contours, respectively. The blue line in Fig. 4.5e represents the Andes’ profile calculated
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Figure 4.5 shows simulated changes in the water balance following Eq. (4.2).
Significant reductions in the seasonal rainfall are found over central and south-western
Amazon closely matching the deforestation area (Fig. 4.5a). To some extent, these
precipitation changes are related to the local impact of the decreased
evapotranspiration, especially over the center of Brazilian Amazon (Fig. 4.5b).
Nevertheless, for analyzing the effect that evapotranspiration changes induced by
deforestation have on rainfall, a quantification of precipitation recycling ratio should be

assessed (e.g. Eiras-Barca et al. 2020). On the other hand, the drier conditions over
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Bolivian Amazon are closely linked with changes in the regional atmospheric
circulation, where increased moisture divergence is a response to deforestation (Fig.
4.5c). Here, the observed northwest-southeast (Fig. 4.2d) integrated moisture flux at
the east of the Andes weakens in the deforested scenario (Fig. 4.5c). It is interesting
to note that near the surface (10 m), an opposite change in the moisture flux enhances
the water vapor transport toward the southern and eastern parts of the continent (not
shown). This result suggests that in the western Amazon the changes in the vertically
integrated moisture transport are not dominated by the surface conditions; instead,
alterations in the integrated humidity trans- port are related to regional circulation
changes such as the decrease in moisture convergence and vertical velocity over most
of the Amazon (Fig. 4.5c, d), the rise in the atmospheric pressure at lower levels (not
shown), and a weakening of the regional Hadley cell (Fig. 4.5e). These changes are
in agreement with the theoretical frameworks laid out by Gill (1980) and Eltahir (1996),
and with modelling studies (Zhang et al. 1996; Sun and Barros 2015a; Badger and
Dirmeyer 2016). Opposite to the forcing in Gill (1980), Amazon deforestation induces
a lack of diabatic heating as a result of a drier atmosphere and less convection in the
region (Eltahir 1996; Badger and Dirmeyer 2016). This feature is observed in Fig. 5e
as a drier troposphere below 650 hPa over 10—-18°S and as an enhanced subsidence
over the same latitudinal band. These changes are also associated with slightly
stronger westerlies at the upper troposphere and a small weakening of the Boliv- ian
High (not shown). Similar changes in the regional circulation and in the regional Hadley
cell have been reported by previous modelling and theoretical studies (Zhang et al.
1996; Eltahir 1996; Zeng and Neelin 1999; Badger and Dirmeyer 2016). In the linear
model developed by Eltahir (1996), the tropical subsidence is a consequence of a
reduction in the boundary layer entropy that follows large-scale deforestation. On the
other hand, according to Zeng and Neelin (1999) and in agreement with Fig. 4.4,
reductions in rainfall and moisture convergence over the Amazon basin induced by
tropical deforestation can be partially initiated by the enhanced energy loss due to the

albedo effect.

105



Chapter 4: The effects of Amazonian forest loss on the wet season over the Amazon-Andes transition region

Equivalent P tial Temperature Potential Temperature Latent Heat Release Effect
(200-500hPa) Def-Control Differences (200-500hPa) Def-Control Differences (200-500hPa) Def-Control Differences

=R

b)

10°5

—044 -033 -022 -011 000 011 022 033 044
C

Fig. 4.6 DJF seasonal climatological differences Deforested minus Control during 2001-2011 in
atmospheric  stability index 6 a Equivalent potential temperature 200-500 hPa

(A6,

6'200—5001)315_6071

6(200—500):
). b Potential temperature 200-500 hPa (A§200—500Def—(:0n ). ¢ Latent heat release

effect 200-500 hPa (Aﬂr ). All figures are in °C. Orography elevation is shown at 500
€PT 200-500pef—con

and 3500 m a.s.l. as black and grey contours, respectively.

On the other hand, Fig. 4.6 shows the differences between Deforested and Control
scenarios for the DJF climatology of the atmospheric stability index, as well as its
adiabatic dry and diabatic moist process components following Eg. (4.3). An increment
in the equivalent potential temperature and the other terms of the equation (red colors
in Fig. 4.6) indicates an increase in the atmospheric stability and an inhibition tendency
of the convective activity. Conversely, a decrease in each term of Eq. (4.3) (blue colors
in Fig. 4.6) implies a reduction trend in atmospheric stability favoring convection
development. A first evident result is that dry adiabatic processes exhibit the tendency
to reduce the atmospheric stability over the whole region (Fig. 4.6b). Although with
deforestation the troposphere cools at all levels (not shown), the upper levels exhibit
a stronger cooling than middle levels, generating the decrease in potential temperature
shown in Fig. 4.6b. This effect is more pronounced over the center of the Brazilian
Amazon, near the deforested area. On the contrary, changes in wet processes and
latent heat release lead to an increase in the atmospheric stability over the central and
western Amazon, including the south- ern Andes and its eastern foothills (Fig. 4.6c).
It is interesting to highlight that these areas have been recognized to be very sensitive
to evapotranspiration upstream of the Amazon basin (Zemp et al. 2017b; Staal et al.
2018). Over the northern and eastern parts of the continent, a decrease in atmospheric
stability is related to the enhancement in precipitation and moisture convergence (Fig.
4.5). Since WRF exhibits an underestimated response in evapotranspiration and latent
heat flux to deforestation (Sect. 4.2.3.2), the effects in atmospheric stability due to

106



Chapter 4: The effects of Amazonian forest loss on the wet season over the Amazon-Andes transition region

moist diabatic processes could be stronger. Similarly, earlier studies suggested two
competing mechanisms as a response of tropical deforestation: (i) a dry atmosphere
response linked to warmer surface that increases convergence; (ii) an enhanced
divergence leaded by reductions in rainfall and latent heat release (Gill 1980; Lindzen
and Nigam 1987; Eltahir and Bras 1993; Eltahir 1996). In summary, our results
suggest that the com- bination of both dry adiabatic and moist (latent heat release)
processes produces more stable atmospheric conditions and inhibits precipitation over
the western part of the Amazonian basin and the eastern flank of the tropical Andes
below the Equator (Fig. 4.6a). Colombia, Venezuela, Guyana and eastern Brazilian
Amazon experience a net reduction in stability and more favorable conditions for
convection in the deforested scenario. These alterations are more regional and not
limited to deforested areas. Although changes in atmospheric stability are not
statistically significant, the 10-year-period analyzed in this work might not be enough

for identifying significant differences.

4.2.4.2 Mesoscale and local changes in daily scale precipitation

The previous section displays how deforestation reduces precipitation and moisture
transport, as well as increases the atmospheric stability and inhibits convective activity
over the western Amazon and the eastern Andes flank. We analyze the deforestation
effect at meso and local scales for daytime and nighttime conditions over the Amazon-
Andes transition region, with a particular focus on the Andean valleys of Huarinilla and
Zongo in Bolivia (see Fig. 4.1 for precise location).

Daytime and nighttime rainfall patterns are shown in Fig. 4.7 for observations and
WRF-DO02. During the day, TRMM exhibits high precipitation values over the western
part of the Altiplano and Andes highlands (Fig. 4.7a). Most tropical mountains display
this daytime precipitation max- imum over summits partially as a result of the thermally
driven upslope winds (Garreaud and Wallace 1997; Garreaud 1999; Kikuchi and Wang
2008; Zardi and Whiteman 2013). There are also significant precipitation rates East of
the Andes and over Amazonian lowlands during the day as afternoon convection
develops (Machado 2002; Romatschke and Houze 2010; Chavez and Takahashi
2017; Fig. 4.7a). During the night, observed rainfall peaks are located over the eastern

Andean piedmonts associated with the so-called rainfall hotspots (Killeen et al. 2007;
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Halladay et al. 2012; Espinoza et al. 2015; Fig. 4.7b). This nocturnal convective activity
is driven by the convergence of downslope winds from the top of the Andes with the
SALLJ nocturnal enhancement (Killeen et al. 2007; Romatschke and Houze 2010;
Chavez and Takahashi 2017; Junquas et al. 2018).

Daytime Rainfall Nighttime Rainfall
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Fig. 4.7 DJF climatological means (2001-2011) for daytime and nighttime precipitation from: a-b TRMM-
3B42. c-d WRF-D02. e-f WRF-D02 Deforested minus Control differences. All figures are in mm day.
Significant changes (t-test, p<0.05) are marked with black slashes. Orography elevation is shown at
500 and 3500 m a.s.l. as black and grey contours, respectively.

In general, WRF-DO02 is able to represent the main features of diurnal and nocturnal
rainfall variability in the region when compared to TRMM. Rainfall peaks above the

3500 m a.s.l. and over the central Peruvian Altiplano are simulated during the day by
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WREF as shown in Fig. 4.7c. Daytime convection over Amazon lowlands below 500 m
is also present in WRF outputs in agreement with TRMM. However, the model strongly
overestimates daytime precipitation over the Bolivian Amazon plains and over the
eastern Andes slopes. Nevertheless, dry biases have been identified by several
studies in TRMM outputs over tropical Andes, which makes it difficult to properly
guantify the model biases (Condom et al. 2011; Scheel et al. 2011; Rasmussen et al.
2013; Espinoza et al. 2015). During nighttime, WRF realistically represents the rainfall
hotspots but exhibits a positive (negative) bias over the Peruvian Andes highlands

(Brazilian Amazon lowlands) (Fig. 4.7d).

Daytime Moisture Flux Nighttime Moisture Flux

e
e

100 ka/(m*s) = 67°W ’
Def-Control Daytime Moisture Flux Def-Control Nighttime Moisture Flux

Ly - 5 =
20 kg/(m*s) 68°W 67°W 20 kg/(m*s)

Fig. 4.8 DJF climatological means (2001-2011) for daytime and nighttime vertically-integrated moisture
flux from WRF-DO03: a-b Control and c-d Deforested minus Control differences. Terrain elevation in m
(shaded) and rain-gauge stations (red dots). The black square shows the area where the Andean
valleys of Huarinilla and Zongo are located.

Deforestation causes a general rainfall reduction in day- time and nighttime conditions
but with different spatial distributions (Fig. 4.7e, f). During the day, significant
precipitation reductions occur over the Amazon plains following the deforested area
(between 10 and 20%), but no significant changes occurs over the tropical Andes
above 3500 m a.s.l. On the eastern Andean slope between 500 and 3500 m a.s.l.,

significant changes are found, like in the central Andean- Amazon valleys of Peru near
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the 10° S and 75° W (Fig. 4.7e). On the other hand, nighttime convection decrease
(between 20 and 30%) is concentrated over the eastern flank of the Andes and
particularly over the Bolivian piedmont (Fig. 4.7f). Taking into account that nighttime
convection is responsible for nearly the 70-80% of the daily precipitation on the
eastern tropical Andes slopes during austral summer (Perry et al. 2014; Chavez and
Takahashi 2017), this nocturnal rainfall reduction can have a profound impact in the
hydrology of the region. Since nocturnal precipitation over the eastern Andes slopes
(including over rainfall hotspots) is closely related to the presence of the SALLJ, in Fig.
4.8 we evaluate the changes induced by deforestation in the vertically integrated
moisture flux over the Bolivian piedmont inside our third modelling domain (Fig. 4.1).
A northwesterly moisture transport is present in both daytime and nighttime conditions
during DJF in the Control scenario associated with the SALLJ activity (Fig. 4.8; e.g.
Marengo et al. 2004). This moisture transport is more parallel to the Andes during the
day and is stronger and more perpendicular to the slopes during the night in agreement
with previous works (Vernekar et al. 2003; Marengo 2004; Junquas et al. 2018; Fig.
4.8a, b). The humidity flux transported from Amazon toward the Andes is channelized
both during day and night over the steepest valleys as modelling and observational
works reported in the region (Zangl and Egger 2005; Perry et al. 2014; Junquas et al.
2018; Fig. 4.8a, b). The Andes act as a blocking barrier to this moisture laden winds
coming from the Amazon lowlands, triggering forced convection mainly during
nighttime when the trajectory is more perpendicular to the topography. This
mechanism was hypothesized by Espinoza et al. (2015) based on in-situ stations and

supported by modelling studies (Junquas et al. 2018).

In the Deforestation scenario, the daytime upslope moisture flux is enhanced over the
major valleys (Fig. 4.8c). However, inside of our region of interest covering Zongo and
Huarinilla valleys (black square in Fig. 4.8) this flux exhibits little changes during the
day. Conversely, during the night there is a strong reduction in the humidity transport
from the Amazon lowlands towards the Andes highlands over the entire region (Fig.
4.8d) in agreement with nocturnal rainfall reductions over eastern Andes slopes and

Bolivian hotspots shown in Fig. 4.7f.

During nighttime, we hypothesize that the precipitation and moisture flux depletion in

the region is caused by the following process: (i) the atmosphere dries up in the
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Deforestation scenario over the whole Amazon basin and the northerly moisture flux
weakens (Fig. 4.5); (ii) precipitation decreases over the western Amazon causing less
latent heat released to the atmosphere over the region; (iii) there is a reduction in the
local upslope moisture flux over the eastern flank of the Bolivian Andes. By
suppressing the condensation latent heating due to rainfall in the Peruvian and
Bolivian Andean slopes in a modelling experiment, Junquas et al. (2018) found a
positive feedback with the reduction in the entrance of the upslope moisture flux
coming from Amazon plains. Since latent heating is more important for sustaining
circulation during the night (e.g. Souza et al. 2000), major impacts of such processes
happen on nocturnal rainfall. Similarly, by preventing the energy influx into the
atmosphere from latent heat fluxes over the eastern flank of the Andes in high
resolution climate simulations, Sun and Barros (2015a, b) found a strong reduction in
the energy available for moist convection, a decrease in rainfall, moisture convergence
and cloudiness in the region, and a weakened upslope flow as a consequence of
increased static stability. Our results points towards the same direction: the crucial role
of moist processes for sustaining the atmospheric circulation and hydrological

condition over the Amazon-Andes transition region.

In order to evaluate the potential impacts of Amazon forest loss on the hydro-
climatology at local scales, our analysis is centered in two instrumented valleys located
at the eastern flank of the Bolivian Andes: Huarinilla and Zongo valleys (Fig. 4.9a).
The spatial distribution of rain-gauges within the two valleys allows analyzing how
precipitation varies with orography and altitude in two opposite directions with respect
to the Andean Cordillera. Stations inside the Zongo Valley are located from north-east
to south-west in a perpendicular direction to the Andes (Fig. 4.9a). Conversely,
stations located in the Huarinilla Valley are disposed parallel to the mountain chain.
Following the rain stations from highlands to lowlands, two cross-sections were
defined as shown in black solid lines of Fig. 4.9a. A third cross-section is analyzed in
a perpendicular direct ion of the Zongo valley (northwest-southeast direction) in order
to complement the understanding of local circulation alterations (black dashed line in
Fig. 4.9a). The climatological relationship between precipitation and elevation is shown
in Fig. 4.9b, c. There is an opposite relation between rainfall and terrain elevation in

the two transects. For the Zongo Valley cross-section, precipitation generally
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decreases with elevation, reaching minimum values above 3000 m a.s.l. and rainfall

peaks near the 1000 m a.s.l. (Fig. 4.9b). This rainfall behavior was previously reported
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Fig. 4.9 a Map of the subregion inside DO3 with terrain elevation (shaded) in m and rain-gauge stations
(red dots). Two selected cross-sections are indicated in black solid lines. A perpendicular cross-section
in Zongo Valley shown in Figure 10 is indicated as a dashed black line. b-c Cross-sections for b Zongo
Valley and ¢ Huarinilla Valley. Topographic profiles are displayed as a gray line (in m). Observed rain-
gauge rainfall is presented as blue bars. Climatological means for Zongo and Huarinilla valleys
corresponds to the periods 2001-2011 and 2001-2002 respectively. WRF-D03 Control and Deforested
rainfall 2001-2011 DJF climatological means are shown as blue and red lines and are labeled as Cont.
and Def., respectively. d-g Same as Fig. 4.9b-c but for daytime and nighttime conditions. Rainfall is in
mm montht. The x axis represents the horizontal distance in km along the cross-sections. Blue and red
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envelopes represent model standard deviation for each scenario. Black dots represent rain-gauge
stations.

by Espinoza et al. (2015). Chavez and Takahashi (2017) demonstrated how the rainfall
change with elevation along cross-sections transversal to the Andes in the region
follows the profile of the horizontal moisture flux carried by the SALLJ. In this sense,
the rainfall-elevation relation in the first transect seems to be more related with
synoptic processes such as the SALLJ and less with local upslope processes in
accordance with previous studies (Romatschke and Houze 2010). An opposite
behavior is observed in the Huarinilla Valley, where maximum rainfalls are located at
high elevations around 3000 m a.s.l. (Fig. 4.9c). Here, daytime thermally-driven
anabatic winds are responsible for trans- porting moisture transpired inside the valley
in the upslope direction and generates a rainfall peak in the afternoon (Molina-Carpio
et al. 2019).

WRF exhibits a realistic representation of the rainfall-elevation relationship for both
cross-sections. The model reproduces the observed rainfall increases over very local
orographic elevations such as the rain-gauges of Tiquimani, Santa Rosa and Sainani.
However, a rainfall underestimation (around —30%) occurs in all the stations inside the
Zongo Valley and is higher below the 3000 m a.s.l. The model also presents problems
in the representation of the steep precipitation decrease that occurs between
Cuticucho and Tiquimani and instead exhibits an almost linear rainfall reduction from
Huaji to Plataforma. However, this issues in the local variation of precipitation in the
Zongo Valley could be related with problems in the representation of local topography.
By comparing Table 4.3 values with Fig. 4.9, it is easy to identify that for the Zongo
Valley, WRF overestimates the real altitude of the stations (from 20 m at Plataforma
to 476 m at Sainani). Major differences occur on stations located in places with very
high slopes (such as Sainani or Botijlaca). Although our simulations use an enhanced
digital elevation model instead of the default dataset in WRF, the complex and steep
topography in the region is still poorly represented. This misrepresentation in the local
topography can cause issues in the representation of moisture transport, surface
circulation and can also affect rainfall and surface air temperature (e.g. Saavedra et
al. 2020). On the other hand, taking into account that precipitation is very related to

the SALLJ moisture transport in this valley, WRF rainfall underestimation could be
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related to the weaker SALLJ moisture flux present in the model simulation (not shown).
Daytime and nighttime rainfall conditions for both transects are shown in Fig. 4.9d—g
according to WRF outputs. In Zongo Valley, diurnal precipitation is much less than
nocturnal values confirming that the dominant mechanism in this valley is the regional
moisture transport of the SALLJ (Fig. 4.9d—f). At this time, precipitation falls mainly
over highlands for both transects as shown in Figs. 4.9d, e. At the bottom of the Zongo
Valley there is a secondary rainfall peak as a consequence of convective activity
related with the solar heating over Amazonian plains (Romatsche and Houze 2013).
However, in terms of percentage of the summer climatological mean at each station,
daytime lowlands rainfall is lower than in the highland. Nighttime rainfall is
concentrated mainly at lowlands in agreement with the mechanism described before
(Fig. 4.91). It is interesting to note that for the Huarinilla Valley, similar precipitation
magnitudes are simulated for day-time and nighttime conditions (Fig. 4.9f, g). This
suggests that local and synoptic mechanisms are equally important in this valley as

reported from previous works (Molina-Carpio et al. 2019).

Amazon deforestation induces significant reductions in the climatological rainfall mean
over both Zongo and Huarinilla cross-sections but increases its interannual variability
only in Huarinilla Valley (Fig. 4.9b, c). Major precipitation drop is located over areas
below 2000 m a.s.l. in the Zongo Valley (Fig. 4.9b). For this cross-section, daytime
precipitation presents little changes in its mean value (Fig. 4.9d). Conversely, during
the night precipitation decreases, especially at lowlands, and no change in the
variability occurs (Fig. 4.9f). This result confirms our hypothesis that rainfall depletion
in this valley is mainly related with the decreased entry of SALLJ moist winds from
Amazon towards the Andes highlands. On the other hand, the Huarinilla Valley cross-
section does not present significant changes in daytime rainfall but increases its
interannual variability (Fig. 4.9e). However, decreased rainfall take place during
nighttime especially over highlands in agreement with the regional alterations in the
SALLJ related moisture flux (Fig. 4.99).
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two opposite directions: parallel to the transect (see black solid line in Fig. 4.9a) and perpendicular to
the transect (see black dashed line in Fig. 4.9a). Daytime (a) and nighttime (b) WRF-Control conditions
for the transect parallel to the Zongo Valley. Daytime (c) and nighttime (d) WRF-Control conditions for
the transect perpendicular to the Zongo Valley. Daytime (e) and nighttime (f) Deforested minus Control
differences in the transect parallel to the Zongo Valley. Daytime (g) and nighttime (h) Deforested minus
Control differences in the transect perpendicular to the Zongo Valley. Red dots represent rain-gauge
stations. Vertical component of the moisture flux is exaggerated by a factor of ten.

Aiming to complement the previous analysis, Fig. 4.10 displays the atmospheric
humidity and moisture flux in the vertical cross-section along parallel (black solid line
in Fig. 4.9a) and perpendicular (black dashed line in Fig. 4.9a) directions of the Zongo
Valley. Similar results are found for the Huarinilla Valley (not shown). During daytime,
upslope moisture flux (Fig. 4.10a) causes the rainfall peaks over summits described
in Fig. 4.9d. Similar anabatic winds are present in the perpendicular direction of the
Zongo Valley (Fig. 4.10c). During nighttime, surface moisture flux weakens, and light
katabatic winds develops in the Zongo Valley (Fig. 4.10b—d). At the same time, the
mid-tropospheric moisture coming from the Amazon plains is strengthened mainly in
the perpendicular direction of the Zongo Valley (Fig. 4.8a, b, 4.10b—d). Another
interesting feature of the nocturnal circulation in the perpendicular direction is the
development of a moisture flux around 700 hPa in the opposite direction (northwest-
southeast) of the main mid-tropospheric flow (Fig. 4.10d). This returning flow seems
to be a consequence of the ascending motion over lowlands summits to satisfy

continuity.

Deforestation induces a weakening of the daytime upslope flow over both directions
of the Zongo Valley (Fig. 4.10e—g). A reduction in the intensity of the daytime
circulation increases the atmospheric moisture near the surface at the bottom of the
valley (Fig. 4.10e, g). Based on the thermodynamics of heat engines, Souza et al.
(2000) explain the physical mechanism behind the observed circulation over areas
with different surface conditions in sloping terrains. According to this work, the intensity
of the circulation depends on the absorption of sensible and latent heat by a parcel
that moves along a closed streamline. They also recognize the hydrostatic pressure
and non-adiabatic expansion/compression as important effects. Following this
argument, we assess the surface energy balance along the Zongo Valley for the
Control and Deforestation scenarios. We focus on daytime conditions, when local

surface heterogeneities play an important role (Fig. 4.11). However, night- time
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changes were also analyzed and are not significant (not shown). Small changes in the
incoming shortwave radiation are induced by deforestation in the Zongo Valley and
are linked with differences in clouds (Fig. 4.11a). On the contrary, a strong increment
in the reflected shortwave radiation causes a loss of around =50 W m at the bottom
of the valley where deforestation occurs (Fig. 4.11b). The longwave components of
the energy balance remain almost unaltered (Fig. 4.11c, d). Due to the increase in the
outgoing shortwave energy loss, the surface net radiation decreases at lowlands
below Harca rain-gauge (Fig. 4.11e). This net radiation reduction generates a
decrease in the altitude of the planetary boundary layer (PBL) (Fig. 4.11f) and is
distributed in reductions in latent heat but mainly in sensible heat flux over low- lands
(Fig. 4.114g, h). These fluxes are essential in the triggering and development of upslope
flows (e.g., Junquas et al 2018). The reductions in the sensible and latent heat fluxes
explain the weakening of the upslope surface circulation during daytime described in
Fig. 4.10. However, these results have to be taken with caution taking into account
that WRF strongly underestimates (overestimates) the impact of forest loss on the
sensible heat flux (reflected incoming radiation) (Sect. 4.2.3.2).

On the other hand, nighttime differences in circulation mainly occur at regional scale
through mid-tropospheric moisture flux reduction in the deforested scenario (Figs.
4.8d, 4.10f-h). This moisture transport is very important for developing the nocturnal
convection and its decrease causes less rainfall over the entire region (Fig. 4.9f, g).
The nighttime conditions are also characterized by a strong reduction in atmospheric

humidity above the 600 hPa as a consequence of deforestation (Fig. 4.10f, h).

Rainfall reductions and increased rainfall variability over Huarinilla and Zongo valleys
can impact the wet ecosystems of local humid-montane forest and its endemic
biological species (Ibisch et al. 2001; Mueller et al. 2002; Kessler and Kluge 2008).
Additionally, the area encompasses part of the Cordillera Real-Bolivia and the Huayna
Potosi Massif where several glaciers (e.g. Zongo Glacier) are located (Francou et al.
1995). The glacier surface mass balance variability of the tropical glaciers is strongly
controlled by the precipitation amount and temporal distribution that determine the
glacier surface albedo and therefore the surface energy balance
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Fig. 4.11 WRF-D03 daytime mean variation along the Zongo Valley transect in Control and Deforested
scenarios (black and red lines, respectively) for: a Shortwave incoming radiation. b Shortwave outgoing
radiation. ¢ Longwave incoming radiation. d Longwave outgoing radiation. e Surface net radiation. f
Planetary boundary layer (PBL) height. g Sensible heat flux. h Latent heat flux. Red dots represent rain-
gauge stations.

(e.g. Sicart et al. 2005; Rabatel et al. 2013), as well as regional atmospheric circulation
(Favier et al. 2004; Sicart et al. 2016). Our results state that Amazonian large-scale
deforestation can have an important effect in the regional circulation and precipitation.

This means that retreat of the tropical Andes glacier documented since the early 1980s
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and linked to climate change (e.g. Ramirez et al. 2001; Francou et al. 2003; Rabatel
et al. 2013) is likely to be further increased as extensive Amazonian deforestation can
also have an impact on precipitation and therefore on the surface mass balance of
tropical glaciers.

It is important to remark that wide-spread deforestation can have strong nonlocal
atmospheric responses (Avissar and Werth 2005; Hasler et al. 2009). Thus, the use
of a regional model where both control and deforested scenarios present the same
lateral boundary conditions generates a bias where these nonlocal effects are not
included (Medvigy et al. 2011). In this sense, the results discussed above do not
include the possible remote responses of deforestation in the boundary conditions of
our analysis domain. On the other hand, a strong perturbation in the land surface
conditions (such as the implementation of a deforestation scenario) can require a long
spin-up period for a regional climate model to reach a physical equilibrium state.
Surface hydrological variables such as evapotranspiration and soil moisture require
long spin-up periods ranging from several months to several years (Christensen 1999;
Cos- grove et al. 2003). Since these variables are crucial for surface energy and water
budgets, the evaluation of the spin-up window influence in deforestation scenarios is
a relevant topic to be evaluated by future studies. Nevertheless, the atmospheric
component (which is the main interest in the present study) responds faster to
dynamical/ thermo-dynamical forcings (de Ela et al. 2002; Cholette et al. 2015; Jerez
et al. 2020).

4.25 Summary and conclusions

This study aims to evaluate the impacts of Amazonian deforestation on the hydro-
climatic connectivity between Amazon and eastern tropical Andes during the austral
summer in terms of hydrological and energetic balances. To this end, we use 10-year
December—January—February high-resolution simulations (2001-2011) with the
regional climate model WRF. Two scenarios are used: (i) a control simulation
corresponding to vegetation conditions for the year 2000; (ii) a business-as-usual
deforested scenario (45% of forest lost) designed by Soares-Filho et al. (2006).

By comparing with reanalysis (ERA5 and NCEP-NCAR) and precipitation satellite

outputs (TRMM), we find a realistic representation of the main atmospheric circulation
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(e.g. SALLJ, the Bolivian High) and rainfall features (e.g. SACZ, Amazon convection)
during austral summer by WRF at a regional scale. The model is also able to
reproduce the daytime and nighttime rainfall conditions over the Amazon-Andes
transition region and the rainfall-elevation relation at a local-scales inside instrumented
Andean valleys. However, at local scale, in regions with high orography, day and night
rainfall conditions were only compared with rain-gauge estimations for a very short
period (1 year) in Huarinilla valley. The lack of observations at intra-diurnal time scale
in the region is an important limitation for assessing the high-resolution model
representation of local atmospheric mechanisms and its interaction with mesoscale
features. We complement the validation by assessing the model skill to reproduce the
observed land use change impacts on surface fluxes and atmospheric variables at a
local scale against LBA stations. We find a realistic model response to deforestation
for most of the surface atmospheric variables in Amazon lowlands. However, WRF
overestimates the effect of the albedo on the reflected shortwave radiation and
strongly underestimates the sensible heat flux and evaporation/latent heat response
to forest loss. These model biases constrain our conclusions about the impacts of
deforestation on the regional climate. How these errors interact with each other is

something that remains unexplored in this work.

At a regional scale, the energy balance is profoundly disrupted by the forest loss. The
combined effect of enhanced energy losses through shortwave radiation reflection,
longwave incoming and outgoing radiation fluxes leads to a decrease in the surface
net radiation over most of the basin. According to the deforestation theory developed
by Zeng and Neeling (1998), this reduction in surface net radiation may lead to
alterations in the regional moisture convergence. Accordingly, deforestation reduces
precipitation almost over the entire Amazonian basin (~20%). Rainfall depletion is
related with the very local response of decreased evapotranspiration over cleared
areas. The drier atmosphere seems to present a decrease in latent heat release that
weakens moisture convergence and causes an anomalous winds subsidence in the
region in agreement with early theoretical frameworks. In agreement with these
theoretical works, deforestation induces a slight weakening of the Bolivian High and
decreases (increases) the 200 hPa geopotential height (surface pressure) over the
southwestern Amazon. These alterations in the regional precipitation and atmospheric

circulation are summarized in Fig. 4.12a, b. Regarding the regional atmospheric
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stability, our analysis suggests the rise of two competing mechanisms for tropical
deforestation: (i) an adiabatic response decreases atmospheric stability and enhances
convective activity over the continental area; (ii) conversely, reductions in the latent
heat release increase atmospheric stability and disfavor convection mainly over
western Amazon, and the eastern sides of tropical Andes. Although the effects of
deforestation in atmospheric stability are relatively small and non-significant, the
underestimated WRF response in latent heat flux to forest loss implies that this effect
could be stronger.

Over the Amazon-Andes transition region, deforestation causes a general rainfall
reduction in both daytime and nighttime conditions but with a clearly spatial
differentiation. Daytime precipitation reductions occur over the Amazon plains
following the deforested area (between 10 and 20%). Conversely, nighttime
convection decreases between 20 and 30% mainly over the eastern flank of the Andes
and over the Bolivian piedmont. Since nighttime convection is responsible for nearly
70-80% of the daily precipitation on the eastern tropical Andes slopes during austral
summer, this rainfall reduction can seriously impact the hydrology of the region. The
decrease in nocturnal rainfall over eastern Andean hillside is caused by a reduction in
the humidity transport from the Amazon lowlands towards the Andean highlands

during nighttime in agreement with previous modelling studies.

Finally, at a local scale, Amazon deforestation induces significant reductions in the
climatological rainfall mean over both Zongo and Huarinilla valleys (-25%) and
increases its interannual variability. For the Zongo Valley, major precipitation drop
occurs over areas below 2000 m a.s.l. In this valley, daytime precipitation presents
little changes in its mean value. However, during the night precipitation decreases,
especially at lowlands. The rainfall depletion in this valley seems to be mainly related
with the decreased entry of SALLJ moist winds from Amazon towards the Andean
highlands (Fig. 4.12d-f). Similarly, the Huarinilla Valley does not present significant
changes in daytime rainfall but exhibits decreased precipitation especially over
highlands during nighttime. However, as a result of numerical modelling these
conclusions have to be taken with caution as they are partially dependent on the model
configuration. More efforts have to be done to understand the sensitivity and

robustness of these results to model parametrizations. Finally, this work and most of
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Fig. 4.12 Schematic representation of DJF climatological atmospheric conditions at regional (a-b) and
local scales (c-f) for normal conditions (a-c-d) and deforestation induced anomalies (b-e-f) in WRF
simulations. The red square in a indicates the approximated location of the Zongo Valley sketched in
c-f. Black solid (red dashed) thin arrows represent surface moisture transport under normal conditions
(deforestation anomalies). Black (red) thick arrows represent mid-tropospheric moisture flux under
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normal conditions (deforestation anomalies). Vertical thick arrows represent ascending and descending
motions. Black (red) curved arrows represent evapotranspiration under normal conditions (deforestation
anomalies). Blue and red shaded areas indicate vertically integrated moisture convergence and
divergence, respectively. Purple areas indicate pressure changes. Blue and red clouds indicate rainfall
maximum and rainfall reductions under normal and deforested conditions, respectively. Red (blue)
hatched area in c (e) indicates surface net radiation maximum (reduction) under normal (deforestation)
conditions.

deforestation modelling studies are focused on forest loss impacts on atmospheric
processes at climatological time scales. How deforestation can alter rainfall distribution
and the atmospheric circulation patterns that drive moisture advection at synoptic
intra-seasonal time scale is a question that should be addressed to better understand

the deforestation disturbances at longer time scales.
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5.1 Introduction

The Andes, the longest mountain chain in the world, is a determinant factor for the
atmospheric circulation and climate at continental scale (Garreaud 2009; Espinoza et
al. 2020). The tropical Andes (20- S - 11° N) hold high species-rich ecosystems (Myers
et al. 2000; Borsdorf and Stadel 2015; Chapter 2), host nearly 99% of all tropical
glaciers (Kaser 1999) and house numerous population centers (Figure 5.1 and
Chapter 1). The water supply for nearly 75 million people relies on water resources
originated from the tropical Andes (Vergara et al. 2007; Poveda et al. 2020; Segura
2021). Over the southern part of the tropical Andes (20> S - 12> S 80°W - 64-W,
magenta box in Figure 5.1 a-b) most of the total annual rainfall (>70%) is concentrated
in the austral summer (Aceituno and Garreaud 1995; Minvielle and Garreaud 2011;
Figure 5.1 d). Between December and February, deep convection in the Amazon
allows diabatic heating in the mid and upper troposphere developing an anticyclonic
circulation at upper tropospheric levels known as the Bolivian High (Lenters and Cook
1997). Centered at 18 Sc — 62° W and at the 200 hPa level (Figure 5.2 a), the easterly
winds associated with the Bolivian High carry moist air from the Amazon toward the
southern tropical Andes feeding convection in the region (Garreaud 1999; Falvey and
Garreaud 2005). This mechanism acts also at inter-annual time scales. Therefore,
year-to-year fluctuations in the intensity and position of the Bolivian High are closely
linked to precipitation variability in the Andean highlands (Vuille et al. 2000; Garreaud
and Aceituno 2001; Garreaud et al. 2003; Vuille and Keimig 2004). However, recent
changes in the Walker circulation related to the warming of the tropical North Atlantic
seem to be related to a shift in the controlling process of the southern tropical Andean
rainfall (Segura et al. 2020). Segura et al. (2020) find a weakening of the well-known
correlation between southern tropical Andes rainfall and the easterly winds at the
upper troposphere since the 2000’s. After 2002, a different dominant mode leads the
rainfall inter-annual variability over the south tropical Andean summits. An enhanced
ascending motion over the western Amazon caused by the strengthening of the
Walker circulation (Wang et al. 2018; Barichivich et al. 2018; Espinoza et al. 2019a,
2021) has moistened the mid-troposphere in the western part of tropical South
America leading to an increase in the atmospheric instability over the southern tropical
Andes (Segura et al. 2020). Taking into account that one of the possible factors for the

sustained warming of the tropical North Atlantic, and therefore for the recent changes
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in the regional Walker cell, is the anthropogenic influence through an increase in
greenhouse gases and aerosol emissions (Du and Xie 2008; Booth et al. 2012; Dong
et al. 2014; Servain et al. 2014; Li et al. 2016), it is crucial to investigate the
consequences of the current human large-scale pressures over the water resources
of the tropical Andes.
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Fig. 5.1 Experiment scenarios: a Control and b Deforested. Magenta box shows the southern tropical
Andes region (20°S-12°S, 80°W-64°W). ¢ Elevation (shaded; in m a.s.l.), location of cities (yellow dots)
and tropical glaciers (magenta diamond) over the southern tropical Andes. The magenta line highlights
the 3000 m elevation contour. d annual cycle of rainfall spatially averaged above the 3000 m level for
CHIRPS, RegIPSL-Control, WRF-Noah over the first (‘WRFNoahD1’) and second domains
(‘WRFNoahD1’) (gray, blue, yellow and orange bars, respectively). Whiskers represent the +1 standard
deviation. Data source for the digital elevation model is the USGS 30 ARC-second Global Elevation
Data, GTOPO30. Population dataset comes from https://simplemaps.com/data/world-cities. Glacier
dataset is obtained from the Randolph Glacier Inventory (available at https://nsidc.org/data/nsidc-
0770/versions/6#anchor-1).

For more than a decade, global circulation models have predicted a warmer future

climate, with warming increasing with altitude in the lower troposphere (Bradley et al.
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2004, 2006; Urrutia and Vuille 2009; Pepin et al. 2015). This model-based projection
has been confirmed with instrumental observations in the tropical Andes (Beniston et
al. 1997; Vuille et al. 2003). As a consequence, glacier retreat has been observed over
all Andean countries in the recent decades (Kaser and Osmaston 2002; Francou et
al. 2003, 2005; Ceballos et al. 2006; Braun and Bezada 2013; Veettil et al. 2014),
disrupting the hydrological cycle and threatening mountain ecosystems and human
water resources. As an additional concern, future warming-scenario projections also
suggest drier conditions over the southern tropical Andes caused by an increased
upper-tropospheric westerly flow entering from the Pacific Ocean (Thibeault et al.
2010, 2012; Marengo et al. 2010; Minvielle and Garreaud 2011). At the same time,
other studies suggest the moisture transport from the Amazon basin toward the Andes
may be reduced under greenhouse gases emission scenarios (Marengo and Espinoza
2016).

The Amazon rainforest is more than a source of moisture for the tropical Andes, it is
crucial for the establishment of the wet season circulation features such as the Bolivian
High (Gill 1980; Eltahir 1996; Gedney and Valdes 2000; Rodwell and Hoskins 2001;
Costa et al. 2021). Therefore, the Amazon and the Andes are tightly linked through
atmospheric and surface processes conforming a coupled bio-geophysical system
(Poveda et al. 2006; Builes-Jaramillo and Poveda 2018; Espinoza et al. 2020). Thus,
the loss of the rainforest in the Amazon could have an impact on precipitation over the
southern tropical Andes (Aide et al. 2019). This chapter explores the possible impacts
of Amazonian deforestation on the mechanisms driving wet season precipitation over
the tropical southern Andes. To this, we use two sets of model simulations forced with
the same deforestation scenario but using different model configurations,
geographical domains, horizontal resolutions and different time periods. The first is a
19-year simulation (2000-2019) with the Regional Earth System Model of the Institute
Pierre Simone Laplace (ReglIPSL). See Chapter 3 for the model configuration details.
It is worth remembering that these simulations have a spatial resolution of 20 km and
that they use the spectral nudging technique on temperature and winds, which restricts
the response of our model to the deforestation signal over the upper troposphere. In
addition, ReglPSL uses the complex surface model ORCHIDEE developed by the
Institut Pierre Simon Laplace. On the other hand, we also implement simulations with

the Weather Research and Forecasting Model coupled to the land surface model
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NOAH, a simple land surface model developed by National Centers for Environmental
Prediction (NCEP) in collaboration with other institutes. WRF-NOAH presents three
one-way nested domains with horizontal grid sizes of 15 km, 5 km and 1 km (see
Chapter 4 for details). However, in this chapter we only use model outputs form the

two biggest domains.

This chapter is structured as follows. The reference datasets used and methods as
well as the are described in section 5.2. Section 5.3 is addressed to model validation
in terms of the representation of precipitation over the southern tropical Andes annual
cycle and the dominant modes controlling the austral summer rainfall. In section 5.4,
we evaluate the impacts of Amazonian deforestation on the southern Andes
precipitation. Finally, section 5.5 presents a brief summary and discussion the main

results.

5.2 Reference data and methods

5.2.1 Reference datasets

Mountain regions, especially the tropical Andes, present a low density of in-situ
meteorological stations. For this reason, satellite estimations are commonly used in
order to obtain a description of the spatial and temporal variability of precipitation in
these areas. In the present study, we use precipitation from the Climate Hazard group
Infrared Precipitation with Stations (CHIRPS) version 2 (Funk et al. 2015). This dataset
mixes information from satellite measurements and rain gauges, and presents a
spatial and temporal resolution of 5 km and 1 day, respectively (Funk et al. 2015).
CHIRPS information is available from 1981 to near-present at
https://data.chc.ucsb.edu/products/CHIRPS-2.0/ (last access August 2022). Many

previous works have assessed the quality of CHIRPS estimations against terrestrial
observations over the Amazon region (Wongchuig Correa et al. 2017; Haghtalab et al.
2020), and over the tropical Andes (Paccini et al. 2018; Segura et al. 2019, 2020).

As a reference information for atmospheric data we use reanalysis of the European

Centre for Medium-Range Weather Forecast (ECMWF) ERAS (Hersbach et al. 2020).

This reanalysis presents a spatial resolution of 31 km, hourly information outputs and
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137 hybrid sigma-pressure levels. Comparisons against radiosonde data have
demonstrated significant improvements in the representation of the vertical moisture
and wind distributions (Hoffmann et al. 2019; Hersbach et al. 2020). This data set is
available at https://www.ecmwf.int/en/forec asts/datasets/reanalysis-datasets/era5
(last access August 2022).

5.2.2 Empirical orthogonal function

Previous studies demonstrated the inter-annual variability of the austral summer
precipitation over the entire southern tropical Andes is controlled by the same
mechanisms (Segura et al. 2019, 2020). For this reason, following Segura et al. (2020)
we use the empirical orthogonal function (EOF) over normalized precipitation data
from CHIRPS, RegIPSL-Control, RegIPSL-Deforested, WRF-Noah Control and WRF-
Noah Deforested experiments independently in order to obtain the leading mode of
the spatio-temporal rainfall variability during the austral summer (December-February,
hereafter DJF). The normalization of precipitation is done over each grid-cell by
subtracting the inter-annual mean and dividing by the inter-annual standard deviation
of the DJF mean rainfall. Normalization allow us to avoid spurious influence of the
strong west-east precipitation gradient on the EOF analysis. Hereafter we denote as
PC1-Andes the first principal component of the DJF precipitation over the southern

tropical Andes.

5.3 Results

5.31 Model validation

5.3.1.1 Precipitation annual cycle over the southern tropical Andes

Previous studies showed the highlands of the southern tropical Andes (above 3000
m) exhibit a similar precipitation variability at seasonal and inter-annual time scales
(Segura et al. 2019). For this reason, we compute spatial averages of precipitation in
the region. As described in the Introduction, according to CHIRPS, precipitation at the
upper-elevation southern tropical Andes exhibits a strong seasonality. Of the 655 mm
rainfall per year falling in average in the region, nearly 70%, or 461 mm fall between
December and March (gray bars in Figure 5.1d). RegIPSL-Control overestimates
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precipitation almost the entire year (in average about ~+22 mm or +12% per month),
mainly between October and November (with an overestimation of +13 mm and 14
mm or +36% and 33%, respectively). However, the model properly represents the
seasonality of rainfall in the region. In the model outputs, nearly 68% of the annual
rainfall occur in the December-March period in agreement with satellite data (blue bars
in Figure 5.1d). WRF-Noah shows a better representation of the rainfall magnitude in
the region, with a slight underestimation (-23% or -30 mm for both model domains)
during February. There are no significant differences in the average rainfall from
domains 1 and 2. The magnitude of the inter-annual monthly rainfall variability is also
well represented by the model as is evidenced by a direct comparison in the whiskers
for CHIRPS and models outputs. WRF-Noah underestimates the variability what could

be related with the shorter time period used in this model simulations.

5.3.1.2 Main drivers of DJF rainfall over the southern tropical Andes

In order to evaluate the representation of the main drivers of DJF rainfall in the
southern tropical Andes, we analyze the model skill in reproducing the Bolivian High
and the upward motion over the central and western Amazon (Figure 5.2). ERA5S
reanalysis displays the anticyclonic circulation of the Bolivian High centered at 62°W
and 18-S as described before. North of the anticyclonic center, easterly winds carry
moisture toward the Andes mountains. In agreement with early theoretical works (Gill
1980; Silva-Dias et al. 1983), at the northeast of the Bolivian High center, over the
central Amazonia, strong air masses ascension is observed at 500 hPa linked to deep
convection (blue colors in Figure 5.2a). At lower levels, easterly winds enter to the
continent from the Atlantic Ocean as part of the South American Monsoon System
(SAMS) (Virji 1981; Rodwell and Hoskins 2001; Vera et al. 2006b; Figure 5.2b). It is
thanks to the moisture transported by the low-level easterlies, in conjunction with water
vapor from Amazonian evapotranspiration, that deep convection and heavy rainfall is
sustained in the Amazon (Gibbs 1970; Rao et al. 1996; Vera et al. 2006b; Martinez
and Dominguez 2014; Poveda et al. 2014; Ruiz-Vasquez et al. 2020). As a
consequence of the Sverdrup vorticity balance, a northerly cross-equatorial flow is
developed at the east of the Andes and favors the condensational heating and the
upward air motion in the central Amazon (Rodwell and Hoskins 2001; Figure 5.2 b-c).

This north-south cross-equatorial flow increases the moisture transport from the
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Atlantic Ocean and enhances net moisture convergence in the region (Wang and Fu
2002; Li and Fu 2004).
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Fig. 5.2 December-February climatology of: a-d-g 500 hPa vertical velocity (shaded, units in Pa s?)
multiplied by a factor of 100 and 200 hPa horizontal winds (vectors, units in m s1); b-e-h 500 hPa
specific humidity (shaded, units in g kg?) and 800 hPa horizontal winds (vectors, in m s1); c-f-i
Pressure-latitude cross-section of the zonally-mean meridional circulation in the tropical North Atlantic
and western South America. Zonal-Mean is calculated over a region encompassing the easternmost
side of the 3000 m elevation contour and the 60-W. Meridional and vertical (multiplied by a factor of
100) components of the winds for vectors (in m s and Pa s, respectively), specific humidity (shaded,
units in g kg't) and zonal wind in contour (solid lines represent positive/westerly winds and dashed lines
represent negative/easterly winds; the red line shows the 0 m s* contour). Figures a-b-c correspond
to ERAS reference dataset, d-e-f depict atmospheric circulation for ReglPSL-Control outputs, and g-h-
i shows outputs from WRF-Noah D1. Magenta line in Figures a-b-d-e represents the elevation contour
at 3000 m a.s.l. Magenta line in Figures c-f shows the Andes’ profile calculated as maximum orographic
elevation in the Andes axis.

ReglPSL-Control is able to represent realistically the basic features of the SAMS. The
location, magnitude and spatial structure of the Bolivian High is well displayed in the
model simulation as expected taking into account the spectral nudging applied to
horizontal winds at the upper troposphere (Figures 5.2d-f). Nevertheless, the

anticyclonic circulation of the Bolivian High is slightly shifted westward in the model
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outputs (Figure 5.2d). The spatial distribution of the vertical wind component is
captured by the model, with strong ascending (descending) motion over the central
Amazon, over the Andean summits, and over the eastern flank of the Andes in the
Peruvian and Bolivian rainfall hotspots (northern South America and the western
tropical South Atlantic Ocean). However, the ascension of air masses over the central
Amazon is lightly underestimated by RegIPSL-Control. The low-level atmospheric
circulation is reproduced by ReglIPSL-Control, with easterly winds entering from the
Atlantic Ocean and deviated southwards by the effect of the Andes barrier (Figure
5.2e). Maximum atmospheric moisture values are located over the central and western
Amazon for both reanalysis and model data (Figures 5.2b-e). High specific humidity is
also observed over the southern tropical Andes summits in both datasets as a result
of the moisture transported by the upper-level easterlies. However, RegIPSL-Control
underestimates the mid-tropospheric moisture of about -1 g kg over the central and
southern Amazon as displayed in Figure 5.2e. Finally, the latitudinal cross-section
shows a well-represented structure of the regional Hadley cell, with strong convection
and ascending motion between 0--20-S. The solid and dashed contours exhibit also a
good representation of the zonal circulation, with easterly winds north of 8-S and
westerly winds between 10-S-20-S. Nonetheless, there are issues in the vertical
distribution of the specific humidity in RegIPSL-Control. In this dataset, maximum
atmospheric moisture values are simulated far south around the 15-S. At the same

time, moisture is more restricted to the lower layers of the troposphere (Figure 5f).

WRF-NOAH, on the other hand, adequately represents the position and intensity of
the winds associated with the Bolivian High (Figure 5g). Although the model
represents the observed upwelling of air in the western Amazon basin, over the
Amazon basin in general and over southeastern South America, it presents an
overestimated (underestimated) ascending motion in eastern (western) Brazil. The
model presents very strong ascending motion over the Atlantic Ocean linked to an
overestimated moisture convergence and precipitation in the Atlantic ITCZ (see
Chapter 4). At lower levels, WRF-NOAH properly reproduce the easterly winds
entering from the tropical Atlantic, but it exhibits a too strong low-level convergence in
central Brazil (Figure 5h). The mid-tropospheric moisture is heavily underestimated (~-
2.5 g/kg) over the entire Amazon region. It is interesting to remark that over the

southern tropical Andes region, the model is able to produce a humid air similar to
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ERAS5. This implies that WRF-NOAH is also able to represent the Bolivian High
easterly wind mechanism which brings moisture from the Amazon region to this area.
The regional Hadley cell is present in WRF-NOAH simulations, with a well-represented
vertical structure of both the meridional and zonal winds. Similar to RegIPSL results,
WRF-NOAH also keeps the atmospheric moisture in the shallower levels in
comparison with ERAS5 (Figure 5i), what could suggest this as a systematic bias in the

WRF atmospheric model.

5.3.1.3 Inter-annual variability of precipitation over the southern tropical
Andes

In order to assess the capacity of the model in reproducing the inter-annual rainfall
variability over the southern tropical Andes, Figure 5.3 shows the time series of DJF
rainfall and its first principal component according to CHIRPS and ReglIPSL-Control.
There is a high correlation (0.99) between southern tropical Andes rainfall and its first
principal component in the satellite dataset as described before by previous works
(Segura et al. 2019, 2020). For CHIRPS, around 57% of the variance is explained by
the PC1-Andes. It is easy to note that for some years under the warm (cold) phase of
El Nifio Southern Oscillation such as 2002-2003, 2004-2005, 2006-2007, 2008-2009,
2014-2015 (2011-2012), negative (positive) rainfall anomalies are observed over the
Andean region. The strong influence of the Pacific Ocean on the rainfall variability over
the tropical Andes has been widely studied in the past (Aceituno and Garreaud 1995;
Ronchail 1995; Lagos et al. 2008; Lavado-Casimiro et al. 2013; Imfeld et al. 2019). In
general, more (less) precipitation is registered over the southern tropical Andes during
La Nifia (El Nifio) years (Garreaud and Aceituno 2001; Vuille and Keimig 2004; Sulca
et al. 2018).

RegIPSL-Control presents an adequate representation of the upper-Andean inter-
annual rainfall variability, with a Pearson correlation of 0.76 between CHIRPS and the
model time series (black lines in Figure 5.3a-b). The PC1-Andes and the rainfall over
the southern tropical Andes are closely related in the model outputs with a Pearson
correlation coefficient of 0.88 as in observations. Figure 5.4 presents the same
analysis but for WRF-NOAH using rainfall simulated with 15 km grid size for domain 1
and 5 km grid size for domain 2. The correlations between CHIRPS (using the same
time period of WRF-NOAH) and WRF-NOAH over the domains 1 and 2 are relatively
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low (0.32 and 0.12, respectively). Nevertheless, the variance of the spatially averaged
precipitation over the southern tropical Andes is highly correlated with the PC1 (0.80
and 0.70 for domains 1 and 2, respectively). For this reason, in the next analysis we
use PC1-Andes in both model and reference data to summarize the rainfall variability

at inter-annual timescales.
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and b RegIPSL-Control.
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Fig. 5.4 First principal component (labeled as PC1-Andes) of the December-February precipitation
spatially averaged over the southern tropical Andes (black line) and the mean normalized December-
February precipitation spatially averaged over the southern tropical Andes (blue line) for WRF-NOAH
rainfall from domain 1 (a) and domain 2 (b).

The validation of the model is completed with an evaluation of the relation between
DJF precipitation and zonal winds at 200 hPa, as well as vertical wind at 500 hPa,
which are considered the main atmospheric phenomena leading the inter-annual

fluctuations of precipitation in the interest region (see Section 5.1). CHIRPS/ERA5
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exhibits a slight significant negative correlation (~-0.5) between the zonal winds and
the rainfall PC1-Andes over the western coast of northern Chile and southern Peru
(Figure 5.5a). Stronger westerly (positive zonal winds) winds coming from the Pacific
Ocean are therefore linked to negative rainfall anomalies over the southern tropical
Andes. However, as discussed before, this relationship has weakened since the year
2000, what explains the low correlation values. Stronger correlations are observed
between the vertical component of the wind and PC1-Andes (Figure 5.5b). Negative
correlations of about -0.7 and -0.8 are recorded by CHIRPS/ERAS5 over the western

Amazon, meaning that a stronger ascending motion (negative values of vertical

velocity) is related with increased precipitation over the tropical Andes.
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RegIPSL-Control exhibits a completely different correlation field between PC1-Andes
and the upper-level zonal winds, with positive (negative) correlation coefficient over
the northern South America (south of 20-S over western South America; Figure 5.5c).
Nevertheless, this mechanism has lost prominence since the 2000’s (Segura et al.
2020). Thus, we will focus on the second and more important process, the relationship
between vertical wind and Andean precipitation. RegIPSL-Control displays a realistic
spatial correlation distribution between PC1-Andes and the vertical component of the
wind at the mid-troposphere, with negative (positive) values over the northwestern and
central Amazon (south eastern South America and eastern Brazil; Figure 5.db).
Significant, although underestimated, correlations are located over the western

Amazon as observed in reference datasets.
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Figure 5.6 shows the simulated relationship between the first principal component of
the southern Andes rainfall and horizontal winds at 200hPa and the vertical component
of the wind at 500hPa but for the model WRF-NOAH using rainfall outputs from
domains 1 (Figures 5.6a-b) and 2 (Figures 5.6c-d). WRF-NOAH D1 is not able to
represent the covariance of the rainfall and the Bolivian High easterly winds. However,
it is very interesting to note that, when resolution is enhanced in domain 2, WRF-
NOAH properly captures a signal of negative correlation between these two variables
similar to ERA5 and CHIRPS over the Altiplano and the northeastern part of tropical
South America (Figures 5.6a-c). The correlation between mid-tropospheric ascending
motion in the western and central Amazon with rainfall in the southern tropical Andes
is equally well represented by WRF-NOAH over the two domains, with statistically
significant values even the short time period analyzed. Summarizing, both RegIPSL
and WRF-NOAH are capable of reproducing the inter-annual covariance between DJF
Andean precipitation and the ascending motion of airmasses over the western

Amazon.

5.3.2 Effects of Amazonian deforestation on the southern
tropical Andes rainfall

Under normal conditions, the total austral summer rainfall exhibits a north-south dipole
with more (less) precipitation over the Peruvian (Bolivian) Andes in both reference
datasets (CHIRPS) and models (RegIPSL-Control, WRF-NOAH-D1 and WRF-NOAH-
D2) (Figures 5.7a-b-c-d). While RegIPSL overestimates DJF rainfall over almost the
entire Peruvian Andes, WRF-NOAH underestimates this variable un the southern and
western parts of the interest region. Different studies have demonstrated climate
models present a better representation of the physical mechanisms leading
precipitation than the precipitation itself (Leung and Qian 2009; Gutowski et al. 2010;
Glisan and Gutowski 2014). Consequently, although we analyze changes in rainfall,
we focus mainly on changes in the underlying physical mechanisms in the deforested
scenario. Deforestation alters the spatial pattern of the DJF precipitation over the
southern tropical Andes in different manners for both models. For RegIPSL, a rainfall
decrease is observed over the northwestern side of the south tropical Peruvian Andes
and increasing it over the southern and eastern parts of the region (Figure 5.7e). The

western flank of the southern tropical Andes is a region particularly sensitive to
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changes in the austral summer precipitation (Buytaert and De Bievre 2012;
Schoolmeester et al. 2018). An opposite deforestation change in austral summer is
present in WRF-NOAH with more (less) rainfall in the western (eastern) Andean flank.
Although these changes are not statistically significant, this spatial gradient in the
rainfall alterations demonstrates that there is not a homogenous effect of Amazonian

deforestation in the precipitation of the region.
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Figure 5.8 shows the simulated changes in the main atmospheric drivers for the
southern tropical Andes DJF rainfall. No significant perturbations are simulated for the
Bolivian High circulation under the deforestation scenario (vectors in Figure 5.8a) by
RegIPSL. Nevertheless, since our control and deforested experiments are forced with
a spectral nudging over the upper-level horizontal wind field, it is expected to have no
significant changes in this variable at the upper troposphere for ReglPSL. WRF-NOAH
exhibits important changes in the upper level circulation that can be understood as a
weakening of the Bolivian High (Figure 5.8b). North of 10-S, a westerly anomaly is
observed in the deforested scenario what suggest lower easterly winds coming from
the Amazon toward the southern tropical Andes highlands. As demonstrated in

Chapter 4, this weakening of the Bolivian High anticyclonic circulation is caused by a
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Fig. 5.8 December-February climatological differences Deforested minus Control for RegIPSL (a-c-e)
and WRF-NOAH (b-d-f) in: a-b 500 hPa (vertical velocity shaded, units in Pa s'1) multiplied by a factor
of 100 and 200 hPa horizontal winds (vectors, units in m s1), ¢c-d 500 hPa specific humidity (shaded,
units in g kgt) and 800 hPa horizontal winds (vectors, in m s1), d-e pressure-latitude cross-section of
the zonally-mean meridional circulation in the tropical North Atlantic and western South America. Zonal-
Mean is calculated over a region encompassing the easternmost side of the 3000 m elevation contour
and the 60-W. Meridional and vertical (multiplied by a factor of 100) components of the winds for vectors
(in m st and Pa s, respectively), specific humidity (shaded, units in g kgt) and zonal wind in contour
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loss of energy in the surface caused by deforestation and is in agreement with

theoretical works (Gill 1980; Eltahir 1996). On the other hand, important changes in
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the mid-tropospheric vertical component of the wind are induced by the Amazonian
deforestation for both models (shaded values in Figures 5.8a-b). In general,
deforestation decreases the ascending motion over the central and western Amazon
and increases the vertical velocity in the southern Amazon basin and southeastern
Brazil in RegIPSL simulations. WRF-NOAH displays a similar result, with a reduction
(increasing) in the vertical velocity over the central and western Amazon (southeastern
Brazil) generates a drying (moistening) of the mid-troposphere in the deforestation
experiment as evidenced in Figures 5.8c-d. At the same time, a reduction in the vertical
wind could also imply a decrease in precipitation over the southern tropical Andes for

both model results (Segura et al. 2020).

At lower levels, the easterly winds entering to the continent from the Atlantic Ocean
north of the equator deaccelerate in the deforestation experiment for both models
(Figures 5.8c-d). However, the reduction in the surface roughness length caused by
the forest lost generates a low-level wind acceleration in the deforestation scenario
over the cleared areas south of the equator in RegIPSL (vectors in Figure 5.8c). WRF
and RegIPSL agree that below the equator, moisture from the South Atlantic is trapped
over eastern Brazil due to wind deacceleration. Similarly, in these models the north-
south flow below 10-S accelerates but apparently related to different causes in both
simulations. While RegIPSL presents enhanced easterly winds over the deforested
areas that that subsequently are blocked by the Andes barrier and are deviated
southward increasing the north-south flow (Figures 5.8c-e), in WRF-NOAH there is a
large-scale subsidence over the Amazon region what generates a positive pressure
anomaly (not shown) in the lower atmosphere and wind divergence over the
southwestern Amazon (15-S-65°W) driving north-south flow (Figures 5.8d-f). These
enhanced easterly winds over the deforested patches are also visible in the pressure-
latitude cross-section over the eastern flank of the Andes as more negative zonal
winds (dashed contours) between 10-S and the equator in both models (Figures 5.8e-
f). Since the enhanced southward flow in RegIPSL comes from the winds entering the
continent from the Atlantic Ocean, these winds transport moisture from the Amazon
toward southern latitudes. Thus, a moister low troposphere is simulated by RegIPSL-
Deforested below the 800 hPa level and south of 10-S (Figure 5.8e). A similar
alteration in the low-level circulation under deforestation experiments has been

reported in several previous works (Eiras-Barca et al. 2020; Ruiz-Vasquez et al. 2020).
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Conversely, since the southerly anomalous flow in the WRF-NOAH deforested
experiment parts from the southern Amazon, these winds don’t carry moisture toward
the southern latitudes (Figure 5.8f). It is interesting to note that RegIPSL, like WRF-
NOAH, also presents a weakening of the ascending motion of air masses over the
central and western Amazon what is observed as a subsidence between 10-S and the
equator in Figure 5.8e. However, between 15-S-20-S, vertical wind is strengthened by

the enhanced north-south flow in the deforestation simulation.
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Precipitation over the upper part of the southern tropical Andes is also influenced by
local processes such as mechanical channelization (Egger et al. 2005; Junquas et al.
2018). This mechanically driven circulation transport moisture from the humid Amazon
lowlands to the Andes highlands (Figures 5.9a-b). The stronger northerly flow over the
eastern flank of the Andes in the deforestation scenario boosts the upslope circulation
in some passes of the eastern Andean valleys, increasing the surface moisture
transport toward the Andean summits in RegIPSL (Figure 5.9¢). Conversely, for WRF-
NOAH, deforestation increases the northwest-southeast flow over the eastern side of
the Andes, but this circulation doesn’t enter toward the Andes valleys (Figure 5.9d).
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The strengthening channelization in ReglPSL occurs mainly near the Peruvian-
Bolivian border and over the Bolivian Andes where precipitation slightly increases in

RegIPSL-Deforested simulations (Figure 5.7e).

During the austral summer, the moistening of the middle troposphere increases the
equivalent potential temperature and decreases the stability between the mid and
upper troposphere. This thermodynamic process enhances deep convection in the
Amazon (Scala et al. 1990; Fu et al. 1999; Zhuang et al. 2017; Segura et al. 2020).
Since the upward motion over the western Amazon is closely linked with precipitation
in the southern tropical Andes (Segura et al. 2020), we assess the changes induced
by deforestation in the regional mid-tropospheric stability. Following the methodology
described by (Sierra et al. 2021; see Chapter 4), we separate the individual impact of
temperature and moisture deforestation-induced changes on the atmospheric stability

index.

In ReglIPSL outputs, deforestation increases the atmospheric stability in the central
and northern Amazon, the eastern flank of the Andes and over the tropical Andes with
the exception of the Altiplano plateau near the 18°S-72°W (Figure 5.10a). As a
consequence, in these areas, the development of deep convection is constrained
under the deforestation experiment. Perturbations in the regional atmospheric stability
are related to the increase in precipitation (Figure S1) and mid tropospheric ascending
motion (Figure 5.8a) induced by deforestation over the eastern Brazil, as well as with
the precipitation and vertical velocity decrease over the central Amazon. It is
interesting to note that atmospheric stability also increases east of the Andes for all
latitudes (Figure 5.10a). Nevertheless, precipitation slightly increase over most of this
area (Figure C1) probably due to the enhanced low-level moisture transport from the

Atlantic Ocean caused by the reduction in the surface roughness length (Figure 5.8c).

The main contributor to the higher stability and reduced tendency to develop deep
convection in the 5-S -10-S band and over the eastern Andean side is the drier mid-
troposphere as is evidenced in Figure 5.10b. Changes in the potential temperature in
the deforestation experiment play a minor role in the stabilization of the middle and
upper troposphere. In general, these alterations inhibit (enhance) convection over the

Amazon and the northern part of South America (southeastern South America, the
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southern 20-S-30°S Andean summits and the south eastern Brazil) (Figure 5.10c).
The potential temperature stabilization increase over the Amazon region is caused by
a deforestation-induced cooling in the mid-troposphere and a warming at the 200 hPa

level (not shown).
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WRF-NOAH exhibits different changes in the atmospheric stability with a more stable
mid-troposphere over the western Amazon and the tropical Andes in the 5°S-15-S
latitudinal band (see Figure 4.6 in Chapter 4). Contrary to RegIPSL, the adiabatic
effect of changes in potential temperature destabilizes the atmosphere over the entire
region due to increased atmospheric cooling in the upper troposphere (Figure 4.6b in
Chapter 4). However, for RegIPSL, the effect of deforestation is to stabilize the
troposphere thanks to a generalized cooling (Figure 5.10c). The loss of moisture in the
troposphere under the deforested scenario generates greater stability in both models,
mainly in the western Amazon. This result is related to the subsidence anomalies

presented by both models over this particular area.

Summarizing, according to different model configurations, deforestation generates two
different and opposite effects on the precipitation over the southern tropical Andes.
First, WRF-NOAH and RegIPSL agree that deforestation induces important changes
in the upward wind motion, mid-tropospheric moisture and atmospheric stability in the
region. The combination of a drier and cooler mid-troposphere generates more stable
conditions in the whole Amazon basin. A decrease in the ascending motion over the
western and central Amazon could suggest a decrease in rainfall over the southern
tropical Andes in both models. Indeed, over the tropical Andes, deforestation
increases the stability except over the Andean Altiplano in ReglPSL, where the
atmospheric stability is decreased favoring the convective activity. Secondly, the
reduction in the surface roughness length over the deforested areas generates an
acceleration of the low-level easterly winds entering to the continent from the Atlantic
Ocean. As a result, an enhanced surface moisture transport toward the eastern side
of the Andes and toward the southern latitudes is simulated only by ReglPSL-
Deforested. Mechanical channelization of this moisture flow from the Amazon
lowlands toward the Andes highlands is strengthened only in a specific latitudinal
range of the southern tropical Andes, particularly between 15°S-20-S. It is precisely
over this latitudinal band where the atmospheric stability is reduced favoring the
development of convection. These atmospheric mechanisms are not independent and
act together, what makes difficult to find out the causal relation between them. Through
modelling experiments, it has been suggested that although the main mechanism for
generating precipitation in the southern tropical Andes highlands is the thermally

driven circulation, the latent heat release strengthens the convective activity in the
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region (Junquas et al. 2018). For this reason, an increase in precipitation in this part
of the tropical Andes implies more diabatic heating and could enhance the moisture

transport from the lowlands and enhance the channelization effect.

5.4 Conclusions

The present chapter evaluates the potential impacts of Amazonian deforestation on
the austral summer precipitation over the southern tropical Andes. This goal is
addressed through 19-year climate simulations (2001-2019) with the Earth system
regional climate model ReglPSL and 10-year simulations (2001-2011) with WRF-
NOAH coupled model for a control and a deforested experiment. The annual cycle,
spatial distribution of DJF precipitation and the inter-annual variability of rainfall over
the southern tropical Andes are compared to CHIRPS data in order to validate the
models. Both RegIPSL and WRF-NOAH exhibit a good representation of all the
characteristics of precipitation in the interest region. However, RegIlPSL (WRF-NOAH)
overestimates (underestimates) rainfall during most of the year, particularly during
January-February and October-November (December). Using wind information from
ERAS5 reanalysis, in conjunction with rainfall information from CHIRPS, we also
evaluate the model skill to reproduce the inter-annual covariance between rainfall-
upper easterly winds, and rainfall-western Amazon mid-tropospheric ascending
motion. Although RegIPSL fails in capturing the relation between rainfall and the upper
easterly flow part of the Bolivian High, recent works demonstrated that this mechanism
have lost importance in leading the rainfall inter-annual variability of the southern
tropical Andes. WRF-NOAH presents a realistic representation of the upper easterlies
and rainfall covariance mainly using rainfall simulated over the 5 km gridsize domain.
Year-to-year fluctuations of precipitation over the southern tropical Andes are
dominated by the ascension of air masses over the western and central Amazon since
the 2000’s (Segura et al. 2020). Both models properly represent this last mechanism,
although underestimate the strength of the correlation between rainfall and the vertical

component of the wind.

Deforestation weakens the convection over central and western Amazon while
enhances it over the south eastern Brazil for both models. Although less ascending

motion over the Amazon would imply a reduction in the southern tropical Andes region,
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we find reductions in this region only in WRF-NOAH and in the northwestern part of
the interest region for RegIPSL. Thanks to its dry conditions and its strong dependence
on austral summer rainfall, this region is particularly sensitive to deforestation induced
changes. We find two mechanisms that could partially explain these alterations in the
DJF precipitation. At a regional scale, the decrease in the mid-tropospheric vertical
wind over central and western Amazon dries and cools the troposphere for the two
analyzed models. As a consequence, atmospheric stability increases in most of the
continent (except in the south eastern Brazil) and particularly in the western Amazon
and the Andean summits with an exception of the Andean Altiplano. Over the southern
tropical Andes, there is a disagreement between the two climate models in the
precipitation changes. In the ReglPSL deforestation scenario, the low-level easterly
winds coming from the Atlantic Ocean accelerates thanks to the less surface
roughness length induced by the forest-to-crop conversion. The surface moisture
transport towards the eastern flank of the Andes and the southern parts of tropical
South America is stronger in the deforested scenario generating a strengthening in the
mechanically driven channelization over the eastern Andean valleys and causing a
slightly increase in precipitation and surface moisture over the southern and eastern
parts of the interest region. Increased moisture there seems to lead to reduction in the
atmospheric stability. Hence, both mechanisms could be related but further analysis
should be carried out in order to identify causal effects. On the other hand, WRF-
NOAH displays a strong reduction in precipitation over the southern Andes due to a
weakening in the vertical component of the wind in the western Amazon and in the
Bolivian High easterlies. The discrepancy between the two models on the changes in
the mechanical channeling of superficial winds over the valleys of the eastern Andes
appears to be related to the sensitivity of the models' response to parameters such as
albedo and surface roughness. Sensitivity analyses on these parameters should be
performed to gain an understanding of the possible impacts of deforestation in the

area.
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6.1 Conclusions

The principal scientific question of this work is: How can Amazonian deforestation
impact the Amazon-Andes hydro-climatic connectivity?

The potential effects that Amazonian deforestation can have on the climate at
continental and global scales is a widely explored research topic since the late 1980’s
as a response to the intense forest loss during the 1970’s decade. Despite more than
3 decades of research, there are still many questions that remain unanswered. It is
well known in the scientific literature that there is a strong connection between the
Amazon rainforest and the tropical Andes in terms of water, energy and nutrients
exchange. However, it has been poorly explored the alterations that Amazon forest
loss can impinge on this bio-geophysical system. The following questions arise from
this issue:

e What is the impact of Amazonian deforestation on the synoptic and
recurrent atmospheric circulations in the tropical South America?

e How the Amazon rainforest loss can affect the onset and development of
the southern Amazon wet season?

e Is there a differential role between forest and croplands/grasslands in the
onset and development of the wet season in the southern Amazon? If yes,
what is the particular contribution of croplands/grasslands to the onset and
development of the wet season in the southern Amazon?

e How Amazonian forest clearance can impact the rainfall over the Amazon-
Andes transition region (particularly over the eastern flank of the Andes and
the Peruvian and Bolivian rain/biodiversity hotspots)?

e What could be the possible effects of Amazonian logging on the austral

summer precipitation over the highlands of the southern tropical Andes?

After the introduction and discussion about the motivation of this work (Chapter 1 and
Chapter 2), in the first part of the thesis (Chapter 3), we investigated the impacts of
Amazon deforestation on the dominant modes of the regional atmospheric circulation

(a.k.a. circulation patterns or ‘CPs’). We use this CPs and its deforestation-induced
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changes as a tool to assess the perturbations in the initiation and evolution of the rainy
season in the southern Amazon. To this end, we implement simulations with a control
and a deforestation scenario with the Regional Earth System Model from the Institute
Pierre Simone Laplace (ReglPSL). The projected forest-to-cropland conversion over
the Amazon is not a forcing strong enough to create a completely new atmospheric
circulation regime specific to the deforested conditions. Instead of this, deforestation
modifies the wind and precipitation fields of the existent circulation patterns. Although
the major changes occur during the austral summer (December-January-February,
DJF), as a weakening of the South Atlantic Convergence Zone (SACZ) and the South
American Low-level Jet (SALLJ) circulations, slighter but equally important
perturbations take place during the dry-to-wet transition season. The conjunction of
DJF changes and alterations in the frequency of occurrence and low-level spatial wind
distribution of the characteristic wet season onset circulation pattern suggest a

delayed wet season onset under the deforestation experiment.

Forest and crops over the southern Amazon present different contributions to the rainy
season onset in the region. While croplands/grasslands exhibit a stronger shallow
convection, forced by higher surface temperatures, the still remaining dry season
large-scale subsidence inhibits convection over most of the area with the exception of
forested areas where the atmosphere presents more convective potential energy. Our
results suggest that the thermally induced upward vertical wind anomalies over crop
areas can be transported by the large-scale base flow toward forested areas where
they can grow and trigger deep convection, establishing the wet season onset.
Extensive deforestation causes a less heterogenous land cover over southern
Amazonia, what reduce this cropland-forest complementary effect to develops
convection in the early stage of the wet season and could explain the late onset under

deforested conditions.

Precipitation diminishes over the eastern flank of the Andes during the dry-to-wet
transition period as a consequence of modifications in the regional atmospheric
circulation. This region (a.k.a. Amazon-Andes transition region) is particularly sensitive
to forest loss due to its high percentage of recycled precipitation and to its great
biological species richness (Eltahir and Bras 1994; Myers et al. 2000; Dirmeyer and
Brubaker 2007; Killeen et al. 2007b; Hoorn et al. 2010; Espinoza et al. 2015; Staal et
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al. 2018). Therefore, the second part of this thesis is intended to assess the
consequences of Amazonian rainforest loss on the hydro-climatic connectivity

between the Amazon and the eastern tropical Andes.

The second stage of the present work (Chapter 4) is based on convective-permitting
climate simulations with the Weather Research and Forecasting Model (WRF). The
use of high-resolution climate simulations allows us to study the evolution of
deforestation impacts from the synoptic and regional scale to the local scale in two
instrumented Andean valleys in Bolivia (Zongo and Huarinilla valleys). We conclude
that Amazonian deforestation generates profound alterations in the surface energy
balance and the atmospheric circulation during the austral summer at regional scale.
The forest loss reduces the net surface energy due to the effect of increased albedo.
This energy depletion, together with a decrease in evapotranspiration, results in less
moisture convergence and precipitation over the Amazon basin. As a result,
deforestation dries and cools the troposphere, generating a subsidence in the central
Amazon and a weakening of the regional Hadley circulation in agreement with early
theoretical works (Gill 1980; Eltahir 1996; Zeng and Neelin 1999). Consequently, the
characteristic austral summer north-to-south moisture flow weakens. Over the eastern
Andean piedmonts, deforestation reduces precipitation during nighttime in about -20%
to -30% due to a decreased moisture transport from the Amazon lowlands toward the
Andean summits by the SALLJ circulation. Since nocturnal rainfall in the region
accounts for 70-80% of summer precipitation (Perry et al. 2014; Chavez and
Takahashi 2017), this rainfall depletion seriously threats the regional hydrology, the
endemic mountainous ecosystems and the tropical glaciers. Through high resolution
simulations (up to 1 km grid size) we evaluate the effects of local deforestation inside
the Zongo Andean valley, in addition to the regional scale signal of the widespread
deforestation. Local deforestation affects the upslope daytime circulation thanks to an
energy loss at the bottom of the valley over the deforested area. However, this diurnal
circulation alteration does not have any impact on the local rainfall. Instead, nocturnal
rainfall depletion occurs in both analyzed Andean valleys due to the decreased entry

of SALLJ moist winds from Amazon towards the Andes highlands.

After having addressed the effects of deforestation in the early stages of the wet

season in the southern and southwestern Amazon, as well as the impacts it generates
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on the eastern flank of the Andes, we finish this work by an evaluation of the potential
modifications on the mechanisms driving summer precipitation over the southern
tropical Andes highlands (Chapter 5). Since the 2000’s, summer precipitation
variability at inter-annual scales is strongly related to the upward motion over the
western Amazon and it is less related to the upper easterlies of the Bolivian High
(Segura et al. 2020). Logging in the Amazon basin leads to a reduction in the
ascending motion of air masses over the western part of the Amazon region and a
general drier mid-troposphere according to two different climate models. Although this
result suggests a reduction in summer precipitation over the southern tropical Andes
according to the experimental wind-rainfall relation reported by Segura et al. (2020),
this only occurs in one of the analyzed models. The second regional climate model
presents a spatially differentiated rainfall response with a slight decrease (increase) in
the northwestern (eastern and southern) part of the southern tropical Andes.
Precipitation reduction over the western tropical Andes during the austral summer are
important because most of the water resources of the region depend on rain falling in
the December-March period. A different mechanism in this particular model drives the
precipitation increment in the eastern and southern parts of the Andes highlands. The
forest-to-cropland conversion causes a decrease in the surface roughness length over
an extensive area of the Amazon basin, generating an acceleration of the low-level
winds entering to the continent from the Atlantic Ocean. As a result, the mechanic
channelization over the eastern Andes valleys that brings moisture from the Amazon
lowlands toward the upper Andes is stronger with deforested conditions. However, this
is a preliminary conclusion and further analysis will be addressed in the near future to

complement and enrich this section.

6.2 Perspectives

Although our results have shed light on the impacts that Amazonian deforestation may
have on the climate connection between the Amazon region and the tropical Andes,
many questions remain and can be the base for future works. We classify these
potential research topics in five main categories: i) the improvement of the robustness
of modelling-based results, ii) the assessment of the conjoint effect of Amazon
deforestation plus the climate change and the projected global warming signal, iii)

Amazon forest loss impacts extended with hydrological models, iv) cold front
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incursions under deforestation experiments, v) Amazon deforestation and the Walker

circulation.

6.2.1 Improvement of the robustness of model-based
conclusions

Considering that all the conclusions presented in this thesis are derived from the use
of regional climate models, there are technical restrictions that limit our conclusions
and should be further studied in the future. Regional climate models have inherent
uncertainties, among these, the so-called ‘structural uncertainty’. Different regional or
global climate models have different representation of the physical and dynamical
processes and, as a consequence, they respond differently to the same external
forcing as the land-use change (Caya and Biner 2004; Giorgi and Gutowski 2015). To
deal with this type of uncertainty, it is common to assess the range of possible climate
responses using different climate models forced by the same boundary and lateral
conditions (Chen et al. 2021). For this reason, we use a set of simulations using
different regional climate models in Chapter 5 sharing the same deforestation
scenario. However, these two simulations are not completely comparable because
they differ in the spatial and temporal domains, the land surface model used and the
atmospheric model configurations. In order to quantify the spectrum of different climate
responses associated with the structural uncertainty a set of more homogeneous

simulations should be performed.

A strong limitation of using regional climate models is that these models by definition
are limited to a specific geographic area. Many different theoretical, observational and
modelling studies describe how deep convection in the tropics, and particularly in the
Amazon region, is dependent and can affect the climatic conditions in remote regions
(Gill 1980; Silva-Dias et al. 1983; Kiladis and Wheeler 1995; Figueroa et al. 1995;
Zhang et al. 1996; Gedney and Valdes 2000; Hasler et al. 2009; Badger and Dirmeyer
2016). For instance, deforestation decreases the vertical ascent what generates, by
mass continuity, a reduction in descent elsewhere (Henderson-Sellers et al. 1993;
McGuffie et al. 1995; Zhang et al. 1996; Jonko et al. 2010; Badger and Dirmeyer 2016).
These perturbations over distant regions can alter the moisture/energy entry to the

originally deforested area generating positive or negative feedbacks. However, the
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use of a regional climate model with imposed observed boundary conditions inhibits
to take into account the feedback response. To overcome this issue, deforestation
climate simulations could be performed with a global climate model with or without
variable resolution. Another solution is to implement simulations running a global and
a regional climate model concurrently, allowing the information exchange in both

directions, a technigue known as two-way-nesting.

Despite the fact that we have taken advantage of the added value of high-resolution
simulations in some parts of our work (Chapter 4), the high computational cost
involved in this type of simulations has limited its use. However, some parts of our
analysis would benefit from the use of a finer horizontal resolution. Typically, finer
horizontal grid cells can lead to a better model representation over areas where local
forcings modulate the climate signal, such as regions with complex topography (as the
southern tropical Andes region analyzed in Chapter 5) or regions with land surface
heterogeneity (such as the southern Amazon analyzed in Chapter 3)(Di Luca et al.
2012; Giorgi and Gutowski 2015; Rosales et al. 2022).

For the evaluation of a model, it is essential to have observations at a spatial and
temporal resolution sufficient to analyze the physical processes of interest. In the case
of the present work, we take advantage of daily precipitation data taken along the
Zongo and Huarinilla valleys in the Bolivian Andes provided by the Bolivian Electric
Power Company (COBEE) and managed in collaboration with the Institute of
Research for the Development (IRD)-France. This dataset allows us to analyze the
model performance in representing daily-scale processes such as anabatic and
katabatic winds, and the spatial rainfall variability along a small Andean valley. The
use of these data, crucial to our work, was derived from IRD collaborations with
researchers in Bolivia. Therefore, collaborations such as this can help the
development of future work in the region and should be promoted in other places.
Currently potential collaborations with the ANDEX project could help in this direction.
ANDEX is a Regional Hydroclimate Project part of the GEWEX Hydro climatology
Panel which looks for improving our understanding of the climate and hydrology along

the Andes mountain chain.
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6.2.2 Assessment of the conjoint effect of Amazon deforestation
and the climate change signal

As described in Chapter 1, the Amazon is currently suffering strong and concurrent
anthropic pressures mainly thanks to deforestation and global warming (Nepstad et al.
2008; Nobre and Borma 2009). The majority of studies in the scientific literature focus
on analyzing each of these forcings individually and few works have analyzed the
simultaneous effect of tropical forest loss and the greenhouse gases forcing (e.qg.
Franchito et al. 2012; Devaraju et al. 2015; Guimberteau et al. 2017). This is a very
complex problem due to the numerous atmosphere-biosphere feedbacks and
interactions act together in the system, many of which are not adequately represented
in current climate and surface models (Coe et al. 2013). For instance, an increase in
the atmospheric CO2 can accelerate the forest growth rates (Norby et al. 2001, 2005)
raising the area/density of rainforest, and consequently evapotranspiration in the
Amazon basin. At the same time, an CO2z-enriched atmosphere causes a stomatal
closure in plants what reduces the evapotranspiration rates and can impact
precipitation in the region (de Boer et al. 2011; Lammertsma et al. 2011). However,
even with current climate models little is known about how deforestation may amplify
or attenuate the global warming signal in the South American region. An amplification
of the synergic effects of deforestation, global warming and other anthropogenic
drivers such as wildfires has been predicted by computational models and suggested
by observational evidence. This conjoint effect could lead to a collapse of the rainforest
and to a rainforest-to-savannah transformation (Nobre et al. 2016 and referenches
therein). Nonetheless, further analysis should be done in this area to gain a better
understanding of the interaction between these anthropogenic forcings.

6.2.3 Amazon forest loss impacts extended with hydrological
models

In Chapter 4 our results indicate the possible rainfall reduction associated to
deforestation over the eastern flank of the Andes. Over this particular region, large
runoff rates erode the Andean rocks and produce most of the sediment and nutrient
loads for downstream in the Amazon basin (Moquet et al. 2011; Pepin et al. 2013;
Vauchel et al. 2017; Armijos et al. 2020b). Therefore, it would be interesting to couple
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the outputs from our regional climate model with a hydrological model in order to
assess the effects of the tropical forest loss on the sediment production and fertilization
over the Amazon lowlands. A limited number of studies perform this kind of analysis
in the scientific literature (e.g. Guimberteau et al. 2017). On the other hand, Chapter
4 evidences the decrease in the atmospheric moisture transport from the Amazon
lowlands toward the Bolivian Andes highlands. This region encompasses several
glaciers which can be affected by these deforestation-induced circulation
perturbations. How extensive Amazon deforestation could affect the mass balance of
the Bolivian glaciers is a very interesting question to be developed in future works

through an integration of regional climate simulations with hydrological models.

6.2.4 Cold fronts in South America and Amazonian deforestation

The intrusion of cold air masses from higher latitudes is an important phenomenon
that affects the Amazon basin and the tropical Andes in several ways that include the
agricultural crop damage for cold and freeze extreme events (Marengo et al. 1997 and
references therein), the enhancement of snow accumulation in tropical glaciers (Sicart
et al. 2016) and the destabilization of the atmosphere that helps the rainy season onset
in the Amazon (Li and Fu 2006; Espinoza et al. 2013b, 2021). In Chapter 3 we show
that deforestation could decrease the southerly wind incursions of the cold fronts.
However, this result was not analyzed in depth and it deserves a further evaluation.
Considering that southern cold incursions occur on an intra-seasonal scale (the same
time scale at which operational weather forecasts are performed), and taking into
account the potential predictability of these kind of events (Krishnamurti et al. 1999),
assessing the effects of Amazon deforestation on cold fronts is a promising topic for

future collaborations with weather forecasting agencies.

6.2.5 Amazon deforestation and the Walker circulation

According to our model experiments in Chapter 4 and Chapter 5, the loss of Amazon
rainforest can generate significant impacts in the regional Hadley cell as well as in the
low-level winds entering to the South American continent from the Atlantic Ocean,
what could be related to perturbation on the Walker circulation. Due to the inherent

spatial limitation of our regional simulations, our analyses of the impacts of

155



6. Conclusions and perspectives

deforestation on Walker's circulation were limited. Both previous modeling and
theoretical work have pointed to the possible effects of deforestation on large-scale
circulation (Zhang et al. 1996; Gedney and Valdes 2000; Hasler et al. 2009; Snyder
2010b; Badger and Dirmeyer 2016; Ruiz-Vasquez et al. 2020). For example, (Badger
and Dirmeyer 2016) find a decrease in the upper-tropospheric convergence over the
central tropical Pacific Ocean and less divergence over northern South America. This
implies changes in the Walker circulation that could impact the central Pacific sea
surface temperature. However, an in-depth analysis of the changes in Walker
circulation associated with deforestation in the Amazon is, to our knowledge, an

unexplored topic in the literature.
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A.l. Impacts of land-surface heterogeneities and Amazonian

deforestation on the wet season onset in southern Amazon
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A.l.1. Abstract

Continued Amazonian deforestation perturbs the surface turbulent fluxes which are
important for building the conditions for the wet season onset in the southern Amazon.
This work evaluates the impacts of tropical deforestation on the onset and
development of the Amazonian rainy season using a weather typing approach. We
use 19-year simulations (2001-2019) with the Regional Earth System Model from the
Institute Pierre Simone Laplace (RegIPSL) with twin control/deforestation
experiments. RegIPSL represents the dominant modes or the atmospheric circulation
patterns (CPs) of the daily-to-decadal circulation variability in tropical South America,
and the evolution of atmospheric and surface conditions along the dry-to-wet transition
period. According to ReglIPSL, forests and crops contribute differently to the onset.
During the dry-to-wet transition period, croplands/grasslands present a stronger
shallow convection driven by a higher atmospheric temperature. Large-scale
subsidence suppresses low-level convection in the region and deep convection only
persist over forests where the atmosphere presents more convective potential energy.
After the onset and the establishment of large-scale rainfall structures, both land
covers behave similarly in terms of surface fluxes. Deforestation decreases the
frequency of the CP typically linked to the onset. Changes in the spatial structure and
frequency of the wet season CPs reinforce the hypothesis of a deforestation-induced
dry season lengthening. Variations in the CP frequency and characteristic rainfall have
opposite effects on accumulated rainfall during the dry-to-wet transition period.
Whereas alterations in frequency are associated with a regional circulation response,
changes in the CP characteristic rainfall correspond to a local response to

deforestation.
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A.1.2. Figures
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Fig. A.1 Mean annual cycle in LBA stations Fazenda Nossa Senhora de Aparecida (FNS, deforested
area) and Rondonia Jaru Biological Reserve Aparecida (RJA, forested area) in black lines, and
ReglPSL-Control in cyan lines, for: rainfall over a cropland/grassland and b forest in mm day-1;
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evapotranspiration over ¢ cropland/grassland and d forest in mm day-1; incoming shortwave radiation
over e cropland/grassland and f forest in W m-2; ; outgoing shortwave radiation over ¢
cropland/grassland and h forest in W m2; ; incoming longwave radiation over i cropland/grassland and
j forest in W m2; outgoing longwave radiation over k cropland/grassland and | forest in W m-2; net
surface radiation over m cropland/grassland and n forest in W m=2. The period 2001-2002 is used for
both model and observations. RegIPSL-Control values are computed as the spatial mean of surface
variables over an area of 100 km x 100 km surrounding the two stations but masking over forest and
non-forest.
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Fig. A.2 Rainfall and 850 hPa horizontal wind anomalies composites (vs the annual mean) for the 9
circulation patterns (CPs) defined from the k-means clustering analysis using ERA5 for winds and
CHIRPS for rainfall. Rainfall (shaded) is in percentage respect to the inter-annual mean and horizontal
winds at 850 hPa (vectors) are adimensional. Magenta box shows the southern Amazon domain (5°S-
15°S, 70°W-50°W).
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Fig. A.3 Taylor diagrams of the spatial patterns of: a rainfall anomalies b zonal component anomalies at
850 hPa (denoted as ‘Uwind’), and ¢ meridional component anomalies at 850 hPa (denoted as ‘Vwind’)
for the nine circulation patterns (CPs) as represented by RegIPSL-Control. The reference datasets are
ERADS for horizontal low-level winds at 850 hPa and CHIRPS for rainfall anomalies.
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Fig. A.4 Composite time series of: a incoming shortwave radiation, b outgoing shortwave radiation, ¢
incoming longwave radiation), d outgoing longwave radiation, over the total southern Amazon, forest
and cropland areas (cyan, green and yellow lines, respectively) from ReglPSL-Control. Green and
yellow envelopes represent the standard deviation for each land cover. All time series are in W m2 .
Vertical cross-sections of: e potential temperature over forest areas and f forest minus crop/grass
potential temperature (K), i equivalent potential temperature over forest areas (m s*) and j forest minus
crop/grass equivalent potential temperature difference (K). The x-axis represents the time, with negative
(positive) values for days before (after) the onset.
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Fig. A.5 Taylor diagrams of the spatial patterns of: a rainfall anomalies b zonal component anomalies at
850 hPa (denoted as ‘Uwind’), and ¢ meridional component anomalies at 850 hPa (denoted as ‘Vwind’)
for the nine circulation patterns (CPs) as represented by ReglPSL-Deforested, taking as a reference
dataset ReglPSL-Control.
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Fig. A.6 Differences ReglPSL-Deforested minus ReglPSL-Control in vertically integrated moisture
convergence composites for the 9 circulation patterns (CPs) defined from the k-means clustering
analysis. Differences are in mm/day. Only significant vertically integrated moisture convergence
differences are shown (t-test, p<0.05). Magenta box shows the southern Amazon region (5°S-15°S,
70°W-50°W). The magenta line highlights the deforested area.
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Fig. A.7 Composite time series of: a low-level cloudiness, b mid-level cloudiness, ¢ high-level cloudiness
over the total southern Amazon, forest and cropland areas (cyan, green and yellow lines, respectively)
from RegIPSL-Control. Green and yellow envelopes represent the standard deviation for each land
cover. All time series are in percentage. The x-axis represents the time, with negative (positive) values
for days before (after) the onset.
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A.1.3. Tables

Table Al. Absolute error (expressed as numbers of days) in the representation of the climatological
frequency of occurrence of the identified circulation patterns (CPs) by ReglPSL-Control during the dry-

to-wet transition period (July to November) with respect to ERAS reanalysis.

CP T1 T2pw T3wp w1 w2 W3 D1 D2 D3

Error 0.73 0.70 0.39 0.07 0.22 0.12 0.53 0.60 0.67
metric
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B.1. Deforestation impacts on Amazon-Andes hydroclimatic

connectivity

Juan Pablo Sierra, Clementine Junquas, Jhan Carlo Espinoza, Hans Segura,
Thomas Condom, Marcos Andrade, Jorge Molina-Carpio, Laura Ticona, Valeria
Mardofiez, Luis Blacutt, Jan Polcher, Antoine Rabatel, Jean Emmanuel Sicart

Article published on the journal Climate Dynamics on the 21" of October 2021

B.1.1. Abstract

Amazonian deforestation has accelerated during the last decade, threatening an
ecosystem where almost one third of the regional rainfall is transpired by the local
rainforest. Due to precipitation recycling, the southwestern Amazon, including the
Amazon-Andes transition region, is particularly sensitive to forest loss. This study
evaluates the impacts of Amazonian deforestation on the hydro-climatic connectivity
between the Amazon and the eastern tropical Andes during the austral summer
(December-January-February) in terms of hydrological and energetic balances. Using
10-year high-resolution simulations (2001-2011) with the Weather Research and
Forecasting Model, we analyze control and deforestation scenario simulations.
Regionally, deforestation leads to a reduction in the surface net radiation, evaporation,
moisture convergence and precipitation (~20%) over the entire Amazon basin. In
addition, during this season, deforestation increases the atmospheric subsidence over
the southern Amazon and weakens the regional Hadley cell. Atmospheric stability
increases over the western Amazon and the tropical Andes inhibiting convection in
these areas. Consequently, major deforestation impacts are observed over the hydro-
climate of the Amazon-Andes transition region. At local scale, nighttime precipitation
decreases in Bolivian valleys (~20-30%) due to a strong reduction in the humidity
transport from the Amazon plains towards the Andes linked to the South American
low-level jet. Over these valleys, a weakening of the daytime upslope winds is caused
by local deforestation, which reduces the turbulent fluxes at lowlands. These
alterations in rainfall and atmospheric circulation could impact the rich Andean

ecosystems and its tropical glaciers.
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B.1.2. Figures
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Fig. B.1 Same as Fig. 4.2c-f but comparing with NCEP-NCAR.

B.1.3. Tables

Table B1. Same as Table 4.3 but for geographic location and elevation of rain-gauge stations from field
campaigns by the authors.

Name of | Location Elevation (m
station (latitude, a.s.l.)
longitude)
Plataforma 16° 16'55.0" S, | 4730
68° 07'17.6"W
Tiquimani 16°12'27.0" S, | 3997
68°07' 23.8"W
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Botijlaca 16°11'32.2" S, | 3557
68° 08' 26.0" W

Cuticucho 16°08'31.8"S, | 2790
68°06'57.3"W

Santa Rosa 16° 07' 55.0" 2659
S, 68° 06'
33.5"W

Sainani 16°07'25.9" S, | 2224
68° 05'24.9"W

Chururaqui 16°06'26.2" S, | 1867
68° 04' 14.4"W

Harca 16° 05'20.3" S, | 1546
68°02'39.1"W

Cahua 16°03'23.4"S, | 1271
68°00' 52.5" W

Huaji 16°02'28.7" S, | 1043
67°58'37.0"W
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C.1. Figures
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Fig. C.1 DJF total rainfall climatology during the period 2001-2019 for: a ReglPSL-Control and b
ReglPSLDeforested minus Control. Precipitation values in a and b are in mm. The magenta line
highlights the 3000 m elevation contour.
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hPa (A6200 —500Def —Con). c Latent heat release effect 200-500 hPa
(ALVOCPTr200 — 500Def — Con). All figures are in °C. Orography elevation is shown at
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Fig. 4.7 DJF climatological means (2001-2011) for daytime and nighttime precipitation
from: a-b TRMM-3B42. c-d WRF-D02. e-f WRF-D02 Deforested minus Control
differences. All figures are in mm day*. Significant changes (t-test, p<0.05) are marked
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Fig. 4.8 DJF climatological means (2001-2011) for daytime and nighttime vertically-
integrated moisture flux from WRF-DO03: a-b Control and c-d Deforested minus Control
differences. Terrain elevation in m (shaded) and rain-gauge stations (red dots). The
black square shows the area where the Andean valleys of Huarinilla and Zongo are
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Fig. 4.9 a Map of the subregion inside D03 with terrain elevation (shaded) in m and
rain-gauge stations (red dots). Two selected cross-sections are indicated in black solid
lines. A perpendicular cross-section in Zongo Valley shown in Figure 10 is indicated
as a dashed black line. b-c Cross-sections for b Zongo Valley and ¢ Huarinilla Valley.
Topographic profiles are displayed as a gray line (in m). Observed rain-gauge rainfall
is presented as blue bars. Climatological means for Zongo and Huarinilla valleys
corresponds to the periods 2001-2011 and 2001-2002 respectively. WRF-D03 Control
and Deforested rainfall 2001-2011 DJF climatological means are shown as blue and
red lines and are labeled as Cont. and Def., respectively. d-g Same as Fig. 4.9b-c but
for daytime and nighttime conditions. Rainfall is in mm month1. The x axis represents
the horizontal distance in km along the cross-sections. Blue and red envelopes
represent model standard deviation for each scenario. Black dots represent rain-
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Fig. 4.10 Vertical cross-section for daytime and nighttime DJF climatological means
(2001-2011) in atmospheric moisture (shaded, g kg*) and moisture flux (vectors, g kg-
*m s1) for the Zongo Valley in two opposite directions: parallel to the transect (see
black solid line in Fig. 4.9a) and perpendicular to the transect (see black dashed line
in Fig. 4.9a). Daytime (a) and nighttime (b) WRF-Control conditions for the transect
parallel to the Zongo Valley. Daytime (c) and nighttime (d) WRF-Control conditions for
the transect perpendicular to the Zongo Valley. Daytime (e) and nighttime (f)
Deforested minus Control differences in the transect parallel to the Zongo Valley.
Daytime (g) and nighttime (h) Deforested minus Control differences in the transect
perpendicular to the Zongo Valley. Red dots represent rain-gauge stations. Vertical
component of the moisture flux is exaggerated by a factor of ten. ........................ 115
Fig. 4.11 WRF-D03 daytime mean variation along the Zongo Valley transect in Control
and Deforested scenarios (black and red lines, respectively) for: a Shortwave incoming
radiation. b Shortwave outgoing radiation. ¢ Longwave incoming radiation. d
Longwave outgoing radiation. e Surface net radiation. f Planetary boundary layer
(PBL) height. g Sensible heat flux. h Latent heat flux. Red dots represent rain-gauge
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Fig. 4.12 Schematic representation of DJF climatological atmospheric conditions at
regional (a-b) and local scales (c-f) for normal conditions (a-c-d) and deforestation
induced anomalies (b-e-f) in WRF simulations. The red square in a indicates the
approximated location of the Zongo Valley sketched in c-f. Black solid (red dashed)
thin arrows represent surface moisture transport under normal conditions
(deforestation anomalies). Black (red) thick arrows represent mid-tropospheric
moisture flux under normal conditions (deforestation anomalies). Vertical thick arrows
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represent ascending and descending motions. Black (red) curved arrows represent
evapotranspiration under normal conditions (deforestation anomalies). Blue and red
shaded areas indicate vertically integrated moisture convergence and divergence,
respectively. Purple areas indicate pressure changes. Blue and red clouds indicate
rainfall maximum and rainfall reductions under normal and deforested conditions,
respectively. Red (blue) hatched area in ¢ (e) indicates surface net radiation maximum
(reduction) under normal (deforestation) conditions. ...........ccooeeeevviiiiiiciiii e, 122
Fig. 5.1 Experiment scenarios: a Control and b Deforested. Magenta box shows the
southern tropical Andes region (20°S-12°S, 80°W-64°W). ¢ Elevation (shaded; in m
a.s.l.), location of cities (yellow dots) and tropical glaciers (magenta diamond) over the
southern tropical Andes. The magenta line highlights the 3000 m elevation contour. d
annual cycle of rainfall spatially averaged above the 3000 m level for CHIRPS,
RegIPSL-Control, WRF-Noah over the first (‘WRFNoahD1’) and second domains
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Fig. 5.6 Correlation maps between the first principal component (PC1-Andes) of the
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Zonal-Mean is calculated over a region encompassing the easternmost side of the
3000 m elevation contour and the 60-W. Meridional and vertical (multiplied by a factor
of 100) components of the winds for vectors (in m s* and Pa s, respectively), specific
humidity (shaded, units in g kg') and zonal wind in contour (solid lines represent
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