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ABSTRACT

COMMAR, Luiz Felipe Sant' Anna, D.Sc., Universidade Federal de Vigosa, March,
2025. Walking through space-time dynamics of the Southern Amazon's rainy
season — deforestation impacts and hydroclimate variability at different scales.
Adviser: Marcos Heil Costa.

Deforestation profoundly impacts cloud dynamics and the hydroclimate system
across tropical regions, with cascading effects on the onset and duration of the rainy
season. This study integrates observational and simulated data to analyze these
effects across different spatial scales: regional (highway BR-163), state (Mato
Grosso, MT), and the broader southern Legal Amazon. At the regional scale,
deforestation reduces cloud cover at fine spatial resolutions (11-25 km), resulting in
shallower, warmer clouds that suppress deep convective cloud formation during the
dry-to-wet season transition. At the state level, Mato Grosso’s agricultural system,
heavily reliant on its long rainy season for double cropping, is increasingly threatened
by declining rainfall and delayed rainy season onset. Observational data from the
past four decades show a worrying trend of reduced rainfall volumes, delayed onsets,
and shorter rainy season durations, trends that may extend into the future as
corroborated by Community Earth System Model (CESM) simulations under realistic
deforestation scenarios. The rainy season onset is projected to shift to late October
delaying in about two weeks, with durations falling below 200 days by mid-century.
These changes could severely impact agricultural productivity, necessitating urgent
sustainable practices and policy interventions to mitigate economic and ecological
losses. Expanding to the southern Legal Amazon, CESM simulations reveal a yet
unreported synoptic-scale circulation driven by extensive deforestation (ca. 40%).
This anomalous circulation, linked to differences in surface heating, can persist for up
to two months and delay the rainy season onset by 30-40 days compared to
historical periods for the Legal Amazon. The implications of this persistent
phenomenon extend beyond agriculture to include ecosystems and hydropower
generation, highlighting the potential irreversibility of these changes under unabated
deforestation trends. Together, this multi-scale analysis underscores the interplay of
local land cover and large-scale processes in shaping the Amazon’s hydroclimate.
These findings emphasize the critical need for robust land-use policies, integrated
climate modeling, and cross-sectoral strategies to address the widespread impacts of
deforestation on atmospheric processes, agriculture, and regional livelihoods.
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RESUMO

COMMAR, Luiz Felipe Sant' Anna, D.Sc., Universidade Federal de Vigosa, marco de
2025. Explorando as dinamicas espaco-temporais da estacdo chuvosa no Sul
da Amazbnia — impactos do desmatamento e variabilidade hidroclimatica em
diferentes escalas. Orientador: Marcos Heil Costa.

O desmatamento impacta profundamente a dinamica das nuvens ea dinamica
hidroclimatica em regides tropicais, com efeitos em cascata sobre o inicio e a
duracdo da estacdo chuvosa. Este estudo utiliza dados observacionais e simulados
para analisar esses efeitos em diferentes escalas: regional (BR-163), estadual (Mato
Grosso, MT) e mais amplamente no sul da Amazonia Legal. Na escala regional, o
desmatamento reduz a cobertura de nuvens em resolugdes espaciais finas (11-25
km), resultando em nuvens mais baixas e quentes que suprimem a formacéo de
nuvens convectivas profundas durante a transicdo da estacdo seca para a estacéo
chuvosa. Na escala estadual, o sistema agricola de Mato Grosso, altamente
dependente de sua longa estacdo chuvosa para a pratica da segunda safra, esta
cada vez mais ameacado pela reducdo do volume de chuvas e pelo atraso no inicio
da estacdo chuvosa. Observacdes das Ultimas quatro décadas mostram uma
tendéncia preocupante de reducdo nos volumes de chuva, atrasos nos inicios e
diminuicdo na duracéo da estacdo chuvosa, tendéncias corroboradas por simulacdes
do Community Earth System Model (CESM) sob cenarios realistas de
desmatamento. Nossas projecdes apresentam atrasos no inicio da estacao para o
final de outubro, com duragfes abaixo de 200 dias em 2050. Essas mudancas
podem impactar gravemente a produtividade agricola, exigindo praticas sustentaveis
urgentes e intervencgdes politicas para mitigar os potenciais perdas econémicas e
ecoldgicas. Expandindo para o sul da Amazénia Legal, dados simulados revelam
uma circulacdo em escala sindtica ainda ndo relatada, impulsionada por
desmatamento extensivo (cerca de 40%). Essa circulacdo anémala, associada a
diferencas no aquecimento da superficie, pode persistir por até dois meses e atrasar
0 inicio da estacdo chuvosa em 30-40 dias em comparacdo com 0s periodos
histéricos. As implicagbes desse fendmeno persistente vdo além da agricultura,
incluindo ecossistemas e geracdo de energia hidrelétrica, destacando a potencial
irreversibilidade dessas mudancas sob tendéncias continuas de desmatamento.
Juntas, essas analises em diferentes escalas destacam a interacao entre a cobertura
do solo e os processos em larga escala na configuracao hidroclimatica da Amazoénia.
Os resultados enfatizam a necessidade de politicas robustas territoriais, modelagem
climatica integrada e estratégias intersetoriais para abordar



0s impactos generalizados do desmatamento nos processos atmosféricos, na
agricultura e nos meios de subsisténcia regionais.

Palavras-chave: desmatamento; mudancas climaticas; modelagem atmosférica;
estacdo chuvosa; Amazonia; dinamica de nuvens; nexus food-energy-water
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General Introduction

The Amazon's hydroclimate is associated and modulated with large-scale mechanisms,
including the Intertropical Convergence Zone, the South American Monsoon system, and the
South Atlantic Convergence Zone. These systems drive the seasonal rainfall patterns across
Amazonia, with the most precipitation occurring during the austral summer (Wright et al., 2017;
Mu and Jones, 2022; Talamoni et al., 2022). Another large-scale process is the influence of
interannual variability by the EI Nifio-Southern Oscillation (ENSO), which has increasingly
contributed to extreme droughts and delayed rainy season onsets in the Amazon (Cai et al.,
2020; Marengo et al., 2021b; Espinoza et al., 2022).

While the northern Amazon remains humid throughout the year, the Southern Amazon
(SA) exhibits a pronounced seasonal climate, where the timing and duration of the rainy season
are critical for both natural ecosystems and agricultural activities. The onset of the rainy season
in SA generally follows a northwest-southeast pattern influenced by regional convection driven
by heterogeneous solar heating, which is the main driver of the convective energy, and those
large-scale circulation mechanisms (Yin et al., 2014; Wright et al., 2017; Rodrigues et al., 2021,
Talamoni et al., 2022). However, in recent decades the rainy season onset has been delayed, a
trend attributed to regional deforestation and the variability of those large-scale atmospheric
circulation changes (Fu et al., 2013; Leite-Filho et al., 2020; Staal et al., 2020; Bochow and
Boers, 2023).

Deforestation in the Amazon disrupts the surface energy balance, evapotranspiration,
and atmospheric moisture recycling, resulting in reduced rainfall and delayed rainy seasons
(Stickler et al., 2013; Lawrence and Vandecar, 2015; Staal et al., 2020; Mu and Jones, 2022).
Deforestation patterns are now more fragmented, creating localized thermal circulations,
leading to small and mesoscale feedback, including anomalous subsidence and diminished
rainfall upwind of cleared areas (Saad et al., 2010; Lawrence and Vandecar, 2015; Fassoni-
Andrade et al., 2021).

These small to mesoscale hydroclimatic changes become evident along critical
deforestation frontiers such as the highway BR-163 corridor. As roads supply infrastructure to
previously remote regions, they facilitate land use change, i.e., conversion of forests to pasture
and agricultural lands (Wang et al., 2009; Li et al., 2019; Ferrante et al., 2021). This process

increases surface albedo, reduces surface roughness, and decreases evapotranspiration, thereby
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altering the regional energy balance (Wang et al., 2009; Khanna et al., 2017; Wright et al.,
2017). The disturbance in regional energy directly impacts the convective energy, a critical
factor for cloud formation (Wang et al., 2009; Luo et al., 2024). In deforested areas, shallow
clouds prevail over deep convective clouds (Duveiller et al., 2021; Funatsu et al., 2021; Xu et
al., 2022a).

Similarly, early modeling studies suggested that large-scale deforestation clearing the
Amazon would reduce precipitation by increasing surface albedo, disrupting monsoon
circulation, and altering the rainy season (Shukla et al., 1990; Eltahir and Bras, 1996; Costa and
Foley, 2000; Sampaio et al., 2007). Analyses of intermediate-scale deforestation also have
associated deforestation with rainfall decrease (Costa et al., 2007; Sampaio et al., 2007; Pires
and Costa, 2013). However, the coarse-resolution models used in these analyses might not have
correctly represented the mesoscale and the large-scale circulation processes. (V¢ nao vai

comentar nada nos estudos que fazem uma combinacao de desmatamento e aumento de CO2)?

Properly resolving these hydroclimatic scales is crucial for the region since the rainy
season significantly affects agriculture in the SA. In this region, some states, such as Mato
Grosso (MT), are particularly vulnerable due to their high economic dependence on rainfed
agriculture. Over the past three decades, MT has emerged as one of Brazil's largest agricultural
producers, driven by double-cropping systems like soy-maize and soy-cotton rotations (Arvor
et al., 2014; Abrahdo and Costa, 2018). However, the delayed onset and shortened duration of
the rainy season, largely attributed to deforestation and climate variability, present significant
risks to these rainfed systems, threatening crop yields and economic stability. In addition to
agriculture, the SA economy is deeply intertwined with ecosystem services and planned
infrastructure projects, such as the expansion of hydropower plants on the Tapajés and Xingu
river basins (Strand et al., 2018; Couto et al., 2021). The compounded effects of deforestation,
climate variability, and infrastructure development could thus undermine both economic and

environmental sustainability in the region.

The challenges of deforestation and climate change in agriculture, ecosystem services,
and hydropower in the Southern Amazon highlight the need for realistic land-use scenarios.
CMIP5’s RCP8.5 projects 20% of Amazon deforestation by 2050 (Pires et al., 2016), a level
already reached by 2020 (Souza et al., 2020), indicating more rapid forest losses. To address
this, I used two realistic deforestation pathways from environmental policy scenarios (Rochedo
et al., 2018): one emphasizing strong conservation and another projecting weak environmental
governance, reaching ~40% by 2050. These pathways, modeled at fine spatial resolution, better
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capture the hydroclimatic impacts of deforestation, bridging global projections and local
vulnerabilities. This approach supports policies that balance economic growth with ecological
sustainability, safeguarding critical ecosystem services and reducing risks to agriculture and

hydropower.

In this context, this thesis investigates the impacts of deforestation on the
hydroclimatic variability in the southern Amazon, focusing on the intricate linkages between
land-use change, atmospheric processes, and seasonal rainfall dynamics. Chapter 1 explores the
effects of deforestation on cloud dynamics and the onset of the rainy season along the BR-163
corridor. In Chapters 2 and 3, | used a fully coupled climate model forced by realistic
deforestation scenarios. More specifically, Chapter 2 addresses the implications of delayed
rainy season onset and reduced rainfall in agriculture in Mato Grosso through trends in rainfall
patterns and rainy season characteristics using climate modeling forced by realistic
deforestation scenarios. Chapter 3 evaluates the broader impacts of deforestation on the
Amazon’s hydroclimate using fine-resolution climate models by simulating weak and strong

environmental governance scenarios under Different climate change scenarios.
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Chapter 1: Head in the clouds and feet on the ground: the effects of deforestation on

clouds and rainy season onset

Abstract

The dynamics of the Amazon's rainy season are governed by complex atmospheric
interactions. Over recent decades, variability in the region’s climatic drivers and increasing
deforestation have disrupted rainfall patterns, altering the onset of the rainy season and cloud
dynamics processes. However, the interplay between cloud dynamics and the characteristic of
the rainy season remains overlooked. Here, | explore the relationship between deforestation,
cloud dynamics, and rainy season onset in the Amazon across varying spatial scales and land
cover types. My findings show that deforestation reduces cloud cover at fine scales (11-25 km)
and promotes shallower, warmer clouds, inhibiting deep convective cloud formation. This
persistent effect lasts nearly two months during the dry-to-wet season transition. Deforestation
in tropical regions alters cloud dynamics and delays the onset of the rainy season by disrupting
regional energy and moisture availability. This study emphasizes the need to consider both land-
use changes and large-scale climatic mechanisms' impacts on cloud dynamics in future climate

modeling and policy decisions.
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1.1. Introduction

The Amazon hydroclimate is driven by complex interactions between atmospheric
circulation and surface energy fluxes (Yin et al., 2014; Wright et al., 2017; Mu and Jones,
2022). While a wet climate prevails near the equator, regions beyond 5°S exhibit significant
seasonality in precipitation patterns. Convective processes play a critical role in rainfall
occurrence (Wang et al., 2009; Wright et al., 2017; Duveiller et al., 2021; Xu et al., 2022a;
Abera et al., 2024). The seasonal variability of the Sun heating energy is the main driver of
convective energy seasonal availability. The rainy season onset typically follows a northwest-
southeast pattern (Figure 1. 1c) related to the availability of convective energy and large-scale
circulation mechanisms (Rodrigues et al., 2021; Talamoni et al., 2022). Still, especially during
the dry-to-wet season transition, this large-scale driver may be delayed or disrupted by
disturbances in the local energy balance, such as those induced by deforestation (Leite-Filho et
al., 2020).

Deforestation in the Amazon is often associated with expanding infrastructure, such
as the BR-163 highway (Figure 1. 1a-b). As roads provide access to previously remote areas,
they facilitate land use change, particularly converting forests to pasture and agricultural lands
(Wang et al., 2009; Li et al., 2019; Ferrante et al., 2021). These changes in land cover increase
surface albedo, reduce surface roughness, and decrease evapotranspiration, thereby altering the
regional energy balance (Wang et al., 2009; Khanna et al., 2017; Wright et al., 2017; Leite-
Filho et al., 2020).

The disturbance in regional energy directly impacts the convective energy, a critical
factor for cloud formation (Wang et al., 2009; Luo et al., 2024). As deforestation expands,
surface properties change, increasing surface temperature and reducing cloud top heights (CH)
and cloud fraction (CF) in deforested regions at sub-daily, monthly, and yearly scales (Wang et
al., 2009; Teuling et al., 2017; Xu et al., 2022a; Abera et al., 2024; Leung et al., 2024). In these
regions, shallow clouds prevail over deep convective clouds, essential for rainfall (Duveiller et
al., 2021; Funatsu et al., 2021; Xu et al., 2022a).

In this study, | investigate the impact of deforestation, particularly along the BR-163
corridor, on cloud dynamics and the onset of the rainy season in the Amazon. Specifically, |
analyze anomalies in cloud top height, fraction, and top temperature across regions with varying
land cover types, deforestation levels, and spatial scales. Additionally, I assess how the cloud

variable correlates with the onset of the rainy season. By comparing these regions, | aim to
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elucidate the effects of deforestation on atmospheric processes and their role in altering local
hydroclimatic patterns.
1.2. Methods
1.2.1. Study region

The study focuses on two primary regions along the BR-163 highway within the
Brazilian Legal Amazon. Over the last decades, road expansion in the Amazon has driven
deforestation (Commar et al., 2023a), although early impacts were moderated by the
challenging conditions of unpaved, often impassable roads. However, the recent paving of BR-
163 has significantly increased accessibility to these areas, prompting extensive land
occupation for agricultural expansion and accelerating deforestation rates (Soares-Filho et al.,
2004).

The two regions exhibit distinct land use and cover dynamics. Case 1 presents a
relatively homogeneous forest cover, which transitions mostly to pasture, reflecting a
concentrated pattern of land use change (Figure 1. 1). In contrast, Case 2 presents a more
heterogeneous landscape, combining forest and savanna ecosystems with pasture and
agricultural land transitions, showing a more complex land use pattern (Figure 1.1).
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Figure 1.1 — Land use and land cover (LULC) dynamics and rainy season onset within the
study area in the southern part of Brazil’s Legal Amazon. (A) LULC for 1988. (B) LULC for
2019. (C) Average rainy season onset for 1988-2019. Case 1 (upper square box) and Case 2
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(lower square box) highlight two focus areas with distinct LULC characteristics. The dashed
line represents the BR-163 highway.
1.2.2. Land use and land cover data
For land use and land cover (LULC) data, | utilized MapBiomas Collection 7, which
provides annual classifications for Brazil derived from semi-automatic classification
approaches applied to Landsat satellite data (Souza et al., 2020). I utilized the period from 1988
to 2019, including detailed classifications for multiple land use categories, such as forest,
agriculture, pasture, and savanna, with a horizontal resolution of 30 m. | aggregated this dataset
into a lower resolution to match the other datasets through area fractions.
1.2.3. Rainy season onset
1.2.3.1. Rainfall data
| used daily precipitation from two databases, from 1988 to 2019, to define the rainy
seasons for the study region. First, the Brazilian daily weather gridded data (referred to as
‘Xavier' (Xavier et al., 2022) with a spatial resolution of 0.1° x 0.1° (~11 km). This dataset is
derived from the spatialization of observational data from rainfall gauges and meteorological
stations allocated across the country. The second, the Climate Hazards Group Infrared
Precipitation with Stations (CHIRPS) dataset, with a spatial resolution of 0.05° x 0.05° (~5.5
km), combines satellite cold cloud durations and rain gauge data (Funk et al., 2015). These
observed datasets have been used in several Amazon studies and demonstrated high accuracy

in seasonal and daily rainfall representation.

1.2.3.2. Onset definition

In climatological studies, the onset of the rainy season is defined using long-term
statistical average rainfall as the threshold for the region, offering a generalized understanding
of seasonal patterns across broad spatial and temporal scales (Arvor et al., 2014, Liebmann, et
al., 2007). In contrast, for applied studies—particularly those focused on agricultural systems—
an applied approach better captures the dynamics relevant to crop planning and land
management. In this context, | adopted a modified version of the anomalous accumulation (AA)
method, as proposed by Arvor et al. (2014), which identifies the onset of the rainy season as
the day following the start of the longest period during which anomalous accumulation remains
positive, relative to a crop, i. e., the period when rainfall consistently exceeds the crop water

need, signaling effective water availability for agricultural use.

Unlike climatological definitions, that emphasize historical averages and interannual

variability, this agriculturally oriented method prioritizes functional rainfall thresholds relevant
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to planting and productivity. While the two definitions serve different purposes, their
divergence highlights the importance of methodological alignment with the study's specific

goals.

| used the modified anomalous accumulation (AA) method to define the onset of the
rainy season (Arvor et al., 2014). This method associates a daily rainfall (Rn) and a reference
value (Rrer) (Equation 1) and has proven helpful in studies across Brazil, utilizing both observed
and modeled data (Abrahdo and Costa, 2018; Commar et al., 2023a, 2024). The accumulation

starts on 1 July, aligning with the dry season midpoint of the region.
AA; = Z% R, — Rref (1)

where AA: is anomalous accumulation at day t, Ry is daily rainfall (mm d*) on day n,
and Ryef is the reference value. Intending an agricultural perspective, | used a reference value of
2.5 mm d, which is the precipitation requirement for soybean seedlings (Abrah&o and Costa,
2018).

1.2.4. Satellite cloud data

The dataset employed in this study is the PATMOS-x AVHRR + HIRS cloud Climate
Data Record (CDR) version 6.0 (PATMOS-x), provided as a level-2b product on a 0.1° x 0.1°
(~10 km) horizontal resolution (Foster et al., 2023). This product is generated by using inter-
calibrated radiance data from the Advanced Very High-Resolution Radiometer (AVHRR)
global area coverage sensor, which is collocated with High-Resolution Infrared Radiation
Sounder (HIRS) measurements on compatible NOAA POES and EUMETSAT/MetOp satellite
platforms (Heidinger et al., 2014; Foster et al., 2023). Additionally, the AVHRR + HIRS
radiances have been cross-calibrated with radiance data from NASA’s Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor to ensure continuity and accuracy across different
sensor types (Cao et al., 2008: 200; Zhao et al., 2024).

The analysis incorporates four cloud-related variables derived from the ascending
orbits of the PATMOS-x dataset. These orbits cross the equator during the afternoon, which
corresponds to the period of highest incoming solar energy in the study region—making them
particularly relevant for capturing cloud dynamics under peak atmospheric activity. (i) cloud
optical depth (CD), (ii) cloud cover fraction (CF), (iii) cloud top height (CH), and (iv) cloud
top temperature (CT). My study focuses on identifying both potential deep convective clouds
(DCCs) and non-deep convective clouds (N-DCCs) within the region of interest, limiting data

usage to the period from 1988 onward to align with the land-use and land-cover (LULC) dataset.



26

The 1988-2019 PATMOS-x daily records were further processed into 5-day and 15-day
composites spanning August through November yearly to capture the seasonal dynamics within

the Amazon’s rainy season.

Following criteria from previous studies for continental and oceanic regions(Yuan and
Li, 2010; Yuan et al., 2010; Zhao et al., 2024), | identified DCCs using three specific
conditions: CT <245 K, CH > 6 km, and CD > 23. These thresholds exclude unknown cloud

types, dust, smoke, and fire.

1.2.5. Spatial scale assessment
To explore the impact of forest loss across scales, | analyzed the impacts of
deforestation on concurrent rainy season and cloud dynamics at a series of horizontal
resolutions ranging from ~11 km to 111 km (0.1°, 0.25°, 0.5°, and 1.0°) by creating correlations
with the LULC data derived from the MapBiomas and the hydroclimate variables.

1.2.6. Assessment of annual cloud anomalies composites
| calculated annual standard anomalies for cloud variables (DCC and N-DCC) across
deforestation intervals, extracting Pearson correlation coefficients and p-values from linear
regressions. These anomalies reveal how seasonal variability in cloud variables correlates with
increasing deforestation percentages in each study region. Additionally, | correlated cloud
variables and onset anomalies by applying the same analysis to rainy season onset anomalies.
This approach provides insights into how changes in cloud properties relate to variations in the

timing of the rainy season.

1.3. Results
Delayed onsets correlate well with deforestation percentages for different horizontal
resolutions smaller than 0.5° (Figure 1.2). Both study regions demonstrated a good fit with at
least one rainfall product, but the Xavier stood out for Case 2, where the land cover is more

heterogeneous (Figure 1.2e—g).

In Case 2, | noticed negative anomalies up to 25% of deforestation in higher
resolutions (Figure 1.2a—b) for Xavier’s dataset. These negative values cease to exist above
25% of deforestation. Also, the persistency of negative anomalies in the CHIRPS extends to
the 50% deforestation level (Figure 1.2a—c). For Case 2, negative anomalies were restricted to
15% of deforestation, considering the Xaviers dataset (Figure 1.2e—g). At higher deforestation
levels, the onsets demonstrated a higher anomalie values. The CHIRPS product demonstrated

no tendency with constant values and no significative results (Figure 1.2e-h).
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| observed higher positive anomalies above 50% of deforestation in the areas.
However, the increase in deforestation percentages always leads to increased anomalies,
indicating a linear delay of the onset of the rainy season as deforestation expands. Furthermore,
aggregating the variables to larger scales increases the variability of the anomalies to the point

where the correlation disappears at a 1.0° scale (~111 km).
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Figure 1.2 — Relationship between mean annual rainy season onset anomalies and deforestation
percentages at various horizontal resolutions for two rainfall products, CHIRPS (in red) and
Xavier (in blue) for Case 1 (a—d) and Case 2 (e-h). Each plot displays Pearson correlation
coefficients from linear regression analyses and p-values indicating statistical significance.
Error bars represent the standard error of the mean onset anomaly within each deforestation
interval.

The correlation between cloud variable anomalies and deforestation levels
demonstrates mixed patterns across horizontal resolutions, cases, and cloud types. Until the end
of October, the correlations show how the cloud variables interplay with the onset, but after this

date, most of the grid cells reached the onset (Figure 1.1c).

At finer scales, particularly for 0.1° and 0.25°, there are significant correlations
(hatched shading) between 15-day composites of cloud fraction (CF), cloud top temperature
(CT), and cloud height (CH) anomalies with deforestation (Figure 1.3). Larger spatial scales
(0.5°-1.0°) often fail to capture significant patterns, particularly for non-deep convective clouds

(N-DCC). This behavior is similar to the 5-day composite (Supplementary Figure 1.1).

Cloud fraction (CF) typically exhibits significant positive correlations with
deforestation levels for N-DCC and negative significant correlations with the deep convective

clouds (DCCs) at the microscale (0.1° resolution) (Figure 1.3 and Supplementary Figure 1.1).
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This physically consistent result indicates that the advance of deforestation leads to fewer deep
convective clouds and more shallow clouds, especially before October. In Case 1, correlations
are not significant after October. CF typically does not correlate significantly with deforestation

at larger scales, indicating a phenomenon predominantly microscale driven.

Cloud top temperature (CT) generally shows consistent positive correlations with
increasing deforestation levels in both cases and cloud types, indicating higher CT occurs within
more deforested areas (Figure 1.3). These remain significant across multiple resolutions and
time composites (Figure 1.3 and Supplementary Figure 1.1). However, | noted that Case 2
showed higher correlations with more significative values for CT (Figure 1.3i—p and
Supplementary Figure 1.1i—p), indicating higher dependence of CT on land cover for Case 2,
with higher latitudes and less incoming solar radiation for the same period of the year when
compared to Case 1. This suggests a higher dependence on lower albedos to provide energy for
convection in Case 2. Cloud top height (CH) anomalies are the opposite of the CT, with
significant negative correlations for the regions and cloud types (Figure 1.3), demonstrating

that both cloud types (DCCs and N-DCCs) become shallower as deforestation advances.

| observed that Case 1 and Case 2 exhibit similar responses to deforestation. However,
Case 2 displays stronger correlations independent of the cloud types (Figure 1.3 and S1).
Additionally, DCC displays stronger correlations across all variables when compared to N-
DCC clouds, especially in Case 1 (Figure 1.3). N-DCC correlations are slightly weaker but it is

also statistical significant.

Overall, deforestation reveals strong interactions with cloud dynamics, with higher
correlations at finer resolutions. The distinct behavior of cloud cover between cloud types
indicates that deforestation favors shallow clouds, and forested regions favor deep convective

clouds, colder cloud top temperatures.
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Figure 1.3 — Assessment of the correlation between cloud fraction (CF), cloud top temperature
(CT), and cloud height (CH) standardized anomalies with deforestation levels for 15-day
composites. The results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case
2 DCC clouds (i), and N-DCC clouds (m-p). Each column represents different horizontal
resolutions —0.1°, 0.25°, 0.5°, and 1°. Positive values indicate that the standardized anomalies
positively correlate with increasing deforestation. Shaded areas indicate results significant at o
= 0.1. Grey boxes indicate there is not enough data to calculate the correlation.

Strong positive correlations exist between CT and the rainy season onset (Figure 1.4).
This figure results connect the results of Figure 1.2 and Figure 1.3, indicating that higher CT
contributes to a delayed onset of the rainy season. Moreover, the correlation exhibits a temporal
persistence, with positive correlations extending from early August to late October (Figure 1.4

and Supplementary Figure 1.2), particularly at smaller spatial scales. This suggests a potential
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lagged response or cumulative effect of the LULC on the region's cloud dynamics and rain
production mechanisms. The proposed mechanism here is that, as time progresses from August
to November, surface energy for convection increases, forming deeper and colder clouds that

are more likely to produce higher amounts of rainfall and define the onset of the rainy season.

Similar to Figure 1. 3, Case 2 showed higher correlations than Case 1. This indicates
that the surface energy balance mechanism (more energy available in lower albedo rainforest
areas) connects to the early onset of the rainy season through deep convective cold clouds.
However, despite this relationship, the process also depends on the availability of regional
moisture, which is essential for the rainfall formation and occurence.Conversely, cloud top
height (CH) anomalies negatively correlate with rainy season onset anomalies (Figure S1.3—
S1.4). This implies that clouds tend to become shallower in areas with increasing deforestation,
contributing to delays in the rainy season onset. Notably, the persistent effects of CH anomalies
mirror those observed for CT correlations, extending their influence over time (Figure S1.3—
S1.4). Additionally, N-DCCs showed more significant correlations than DCCs, suggesting that
the prevalence of shallower clouds poses a substantial challenge to the onset of the rainy season.
This effect is particularly evident before October (Figure S1.3-S1.4), coinciding with the period

leading up to the average rainy season onset dates in these regions (Figure 1.1c).

The relationship between cloud fraction (CF) and rainy season onset reveals distinct
spatial and temporal patterns depending on cloud type (Figure S1.5-S1.6). For DCCs,
significant negative correlations are predominant during the early months of August and
September, indicating that lower CF values are associated with rainy season onset delays in
highly deforested areas (Figure S1.5-S1.6). Conversely, for N-DCCs, positive correlations are
observed, particularly under 5-day composites and at coarser resolutions during the same
period. This suggests that deforested regions experience an increase in N-DCCs, contributing
to delayed rainy season onset. These findings highlight the roles of contrasting cloud types in
mediating the atmospheric response to land-use changes. The time-related change in correlation
implies that N-DCCs become DCCs as the onset date approaches. This dipole behavior between

cloud types is more pronounced in Case 1.



31

a 0.1° b 0.25° c 0.5°
08-01- 08-01 - 0s-01 N
08-16 - 08-16 - 08-16 -
o 08-311 08-31- 08-31-
K 09-15- 09-15 - 09-15 -
— 09-30- 09-30 - 09-30-
? 10-15- 10-15 - 10-15 4% 0.9
© 10-30 10-30 - 10-30-
11-14 11-14- 11-14- T
11-29- 11-29- 11-29- 1
ol f 9 0.6
08-01 S 0501 - 08-01-
08-16 - 08-16 - 08-16 -
9 08-31- 08-31 Y 08-31-
2 09-15 27 09-15 - 09-15-
Z 09-30- % 09-30- 7 09-30 - i/ 0.3
v 10-15% 10-15 - 10-15-
8 10-30 / 10-30- 10-30-
11-14- 11-14- 11-14 0
11-29- s I s 5
i j 0.0 3
08-01 - 08-01- 08-01 -- 5
08-16 - 08-16 - 4 08-16- v
o 08-31 277 08-31- 08-31- 7 08-31-
g 09-15- 09-15 %7 09-15 09-15- 7
™ 09-30 - 09-30 - 09-30 09-30 -7/ r—0.3
£ 10-15 % 10-15 - 10-15- 10-15-
© 10-30-W 10-30 - 10-30- 10-30-
11-14- 11-14 - 11-14- 11-14 %77
11-2 -29- -29- -29-
o Y 11-2° 11-29- - 1129000 o6
m n o p
08-01 % 08-01 % 08-01 - 08-01-
08-16 - 08—16%- 08-16 Y /7% 0s-16-
< 08-31 08-31- 08-31-
5 09-15- 09-15 09-15- gg_i; - 09
= 7
<, 09-30 09-30 - // 09-30 - 09.30
¥ 10-15- 10-15 7 1015 47 e
& 10-30- 10-30 - 10-30- 10-15 7%

S el

Chirps Xavier Chirps Xavier Chlrps Xa\ner Chirps Xavier

Figure 1.4 — Assessment of the correlation between cloud top temperature (CT) with rainy
season onset anomalies for 15-day composites. The results are grouped by Case 1 DCC clouds
(a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—I), and N-DCC clouds (m—p). Each column
represents different horizontal resolutions — 0.1°, 0.25°, 0.5°, and 1°. Positive values indicate
that the higher cloud temperatures (lower cloud top heights) are positively correlated with the
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delay in the onset of the rainy season. Shaded areas indicate significant results at a = 0.1. Grey
boxes indicate there is not enough data to calculate the correlation.
1.4. Discussion

The paving of the BR-163 highway has been an essential driver of increased
deforestation in the Amazon (Figure 1.1), where much of the LULC changes from pristine
tropical vegetation (forests) to pasture, and agricultural land occurs alongside the road. This
pattern resembles the impacts along other major highways, such as the BR-230 (Trans
Amazon), BR-364 (Cuiaba-Porto Velho), and the recently expanded BR-319 (Porto Velho-
Manaus), all of which have facilitated access to previously remote forested regions, accelerating
deforestation rates (Wang et al., 2009; Khanna et al., 2017; Li et al., 2019; Ferrante et al.,
2021). The resulting land-cover changes disrupt the regional energy balance, as deforested areas
exhibit reduced surface roughness, altered albedo, and diminished evapotranspiration
(Lawrence and Vandecar, 2015; Khanna et al., 2017). At smaller scales (0.1°-0.25°, 11-28km),

these effects directly impact the precipitation, thus influencing the onset of the rainy season.

Previous studies investigating the relationship between deforestation and precipitation
at different spatial resolutions from 0.25° to 2° have often reported that rainfall declines with
increased deforestation, although small deforestation is sometimes associated with increased
precipitation (Leite-Filho et al., 2021; Smith et al., 2023). Furthermore, research has shown that
increasing deforestation leads to delayed rainy season onset (Butt et al., 2011; Leite-Filho et
al., 2020), a finding consistent with my results (Figure 1.2). A main new result of this study is
that, while previous research highlights stronger deforestation-precipitation responses at
coarser resolutions (Leite-Filho et al., 2021; Smith et al., 2023), my results reveal a stronger
signal at finer scales (0.1°-0.25°) for both onset and cloud variable anomalies. This discrepancy
highlights the importance of using higher-resolution datasets to capture the localized

interactions between deforestation and rain-producing atmospheric processes.

Differences between CHIRPS and Xavier's datasets highlight challenges in
precipitation estimation for deforested regions. CHIRPS, reliant on cloud-top temperature (CT),
may underestimate precipitation where deforestation reduces deep convective clouds. Changes
in LULC lead to altered surface heat fluxes, reducing moisture uplift, which is critical for cloud
development (Luo et al., 2024). While CHIRPS performs well in capturing extreme events with
intense DCCs (Funatsu et al., 2021), the accuracy might diminish over deforested areas with
reduced cloud cover and higher CT, which could reduce the correlation magnitude and

significance in my analyses. Similarly, the reliance on observational datasets—such as those
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used in Xavier’s study, which are predominantly located in urban or deforested areas,

introduces a potential source of uncertainty, especially in regions with sparse gauge coverage.

The strong positive correlations observed between CT anomalies and rainy season
onset align with previous research linking deforestation to higher temperatures, altered
atmospheric energy, and circulation (Wang et al., 2009; Khanna et al., 2017; Abera et al., 2024;
Luo et al., 2024). My findings suggest that increased CT in deforested areas derives from

atmospheric thermal stabilization, and delays the onset of the rainy season.

Similarly, the negative correlations between CH anomalies and onset anomalies
indicate that deforestation promotes the development of shallower clouds. This reduction in
vertical cloud development reflects weakened convective activity derived from deforestation
(Wang et al., 2009; Duveiller et al., 2021; Leung et al., 2024), further contributing to the
delayed rainy season onset. The more significant correlations observed for N-DCCs compared
to DCCs highlight the sensitivity of shallower clouds to LULC changes and their role as
indicators of atmospheric disturbance driven by deforestation.

For DCCs, lower CF values were associated with delayed rainy season onset,
corroborating previous findings of reduced convective activity and cloud cover in deforested
areas (Teuling et al., 2017; Leung et al., 2024; Luo et al., 2024). In contrast, N-DCCs showed
positive correlations, particularly at coarser resolutions and during the late dry season—August,
indicating a shift toward shallower, less convective cloud types in response to deforestation.
This effect of increased shallower clouds might be associated with mesoscale circulations,
reduced convective energy, and increased albedo driven by deforestation (Wang et al., 2009;
Teuling et al., 2017; Luo et al., 2024).

However, significant correlations for N-DCCs were negative, especially in September
and October (Supplementary Figure 1.5e-f, m-n), indicating a cloud cover reduction. Similar
assessments observed this behavior over African and Asian tropical forests and temperate
forests on monthly and yearly scales (Teuling et al., 2017; Duveiller et al., 2021; Xu et al.,
2022a; Abera et al., 2024), although the 5-day to 15-day composites allow for a better

understanding of the dynamics of this process during the dry-to-wet transition period.

Recent studies have connected CF reduction with the reduction of moisture and latent
heat, alongside increases in sensible heat (Xu et al., 2022a; Luo et al., 2024). These changes in
heat fluxes can be coupled with shifts in the regional energy balance mentioned earlier, where

deforestation has a critical role, e.g., increasing surface albedo and altering the distribution of
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surface energy and wind patterns (Khanna et al., 2017; Maeda et al., 2021; Mu and Jones,
2022). Simultaneously, deforestation reduces local evapotranspiration, a crucial moisture
source for the rainy season (Wright et al., 2017; Versieux and Costa, 2024). Therefore, my
results underscore the intricate relationship between energy balance and moisture availability,
emphasizing how these factors influence atmospheric dynamics, reduce cloud fractions and
height, and increase temperature in DCCs and N-DCCs. Moreover, how the continuous
temporal dynamics of this process are critical, underscoring the complexity involved in

biosphere-atmosphere interactions (Teuling et al., 2017).

The differences between Case 1 and Case 2 highlight the complexity of deforestation's
impact on the rainy season onset, shaped by hydroclimatic and land-use factors. The southern
Amazon relates to large-scale climate mechanisms and the energy balance in the regions that
promote convection (Leite-Filho et al., 2020; Espinoza et al., 2022; Commar et al., 2023a).
These features generate convective energy and an onset with a northwest-southeast progression
(Figure 1.1c) (Rodrigues et al., 2021; Talamoni et al., 2022). Thus, Case 2, located at a higher
latitude, has a later onset and increased correlation values later in my timeline compared to Case
1.

Unlike Case 1, where deforestation primarily involves converting dense pristine
forests to agricultural land, with major changes in albedo and energy balance components, the
transition from Cerrado to agriculture in Case 2 sets a less dramatic shift in energy balance and
evapotranspiration (Caballero et al., 2022a). Despite these distinctions, the contrasting energy
balances and land-cover changes between forests and Cerrado are likely to modulate the
intensity of micro and mesoscale feedback. Case 2 shows a gradual, persistent disruption to

cloud formation and rainy season dynamics.

The persistent effects of deforestation on energy balances and circulation have been
widely observed in modeling studies (Commar et al., 2023a; Sierra et al., 2023). Reductions in
cloud cover due to deforestation have been documented on monthly and seasonal scales
(Teuling et al., 2017; Duveiller et al., 2021), in global modeling studies (Hua et al., 2023), and
even at hourly resolutions (Leung et al., 2024). My findings of persistent cloud reduction over
5-day to 15-day composites align with these monthly-scale observations while enabling a
deeper seasonal assessment of the Southern Amazon’s rainy season dynamics. Furthermore, the
observed effects of reduced clouds and disrupted energy balances (Commar et al., 2023a; Hua
et al., 2023; Sierra et al., 2023) highlight the significant impact of deforestation on the
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Amazon’s hydroclimatic dynamics. These results emphasize the critical need for skillful

representation of cloud processes in modeling studies.

Nevertheless, the persistence of the correlation highlights a time-related dynamic in
the rainy season process. As the rainy season approaches, energy increases, allowing the N-
DCCs to transition into DCCs gradually (Chakraborty et al., 2020; Henkes et al., 2021),

suggesting a cumulative process where cloud development intensifies over time.

While | did not specifically investigate deforestation thresholds, it is essential to
analyze the Brazilian Forest Code, which sets a maximum deforestation limit of 20% within the
Amazon biome (Soares-Filho et al., 2014). Notably, a significant shift in cloud dynamics, such
as reduced cloud height and increased cloud top temperature, at 20% deforestation— aligns
with the legal deforestation limit in the region for heterogeneous forests (Figure 1.5a-b).
However, the heterogeneous area showed a less pronounced impact on cloud variables above
the legal deforestation threshold (Figure 1.5¢c—d). Nonetheless, its rainy season onset was still
delayed by five days compared to preserved regions (Figure 1.5¢c—d).

These findings indicate that even legally permissible deforestation levels can
significantly disrupt atmospheric processes, particularly cloud dynamics in heterogeneous
forests. While the impacts on cloud variables in heterogeneous regions may be less pronounced,
the onset is still delayed, highlighting a cumulative disruption to the regional energy and
moisture balance (Wang et al., 2009; Xu et al., 2022a; Luo et al., 2024). This threshold
demonstrates that even within legal limits, deforestation can destabilize critical feedback
mechanisms, emphasizing the urgent need for robust conservation efforts, law enforcement,

and enhanced monitoring of Amazonian land use.
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Figure 1.5 — Variation in cloud top height (AH) and cloud top temperature (AT) from August
1st to the rainy season onset across two regions with and without deforestation. (A) Case 1
without deforestation. (B) Case 1 with a 20% deforestation. (C) Case 2 without deforestation.
(D) Case 2 with 20% deforestation.

In this study, | highlighted the intricate relationship between deforestation, cloud
dynamics, and the onset of the rainy season. My findings highlight that deforestation alters local
and regional cloud dynamics. Additionally, I observed a persistent temporal effect, with
correlations extending from early August to late October, underscoring the lasting influence of
deforestation on seasonal climate patterns, favoring environmental conditions that delay the

transition to the rainy season.
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Figure S1.1 - Assessment of mean annual cloud fraction (CF), cloud top temperature (CT), and
cloud height (CH) anomalies across deforestation levels for 5-day composites. The results are
grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—I), and N-
DCC clouds (m—p). Each column represents different horizontal resolutions—0.1°, 0.25°, 0.5°,
and 1°. Positive values indicate that the standard anomalies are positively correlated with
increasing deforestation, while negative values suggest that the standard anomalies decrease as
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deforestation intensifies. Shaded areas indicate results significant at a = 0.1. Grey boxes
indicate there is not enough data to perform the correlation.
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Figure S1.2 — Assessment of mean annual cloud top temperature (CT) correlated with mean
annual rainy season onset anomalies across deforestation percentages for 5-day composites.
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The results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds
(i-1), and N-DCC clouds (m-p). Each column represents different horizontal resolutions—0.1°,
0.25°,0.5° and 1°. Positive values indicate that the standard anomalies are positively correlated
with the rainy season’s onset delay, while negative values suggest a negative correlation with
the delay of the rainy season. Shaded areas indicate significant results at o = 0.1. Grey boxes
indicate there is not enough data to perform the correlation.

a 0.1° b 0.25° 0.5° 1°
0801 - o8 01~ S o1 N o- o1
08-16 - 08-16 - 08-16 - 08-16 N
o 831 Y, 0531 - 0831 Y 0331 B
g 09-15- 09-15 - 09-15 - EREES
— 09-30- 74 09-30- 09-30 - 09-30-
2 10-15- 10-15 - 10-15 24 10-15- 0.9
© 10-30- 10-30- 10-30- 10-30-
11-14 11-14- 11-14 - 11-14
11-29- 11-29- 11-29- 11-29 I
e f 9 h 0.6
0s-01 Y e 0501 - 08-01 - os-o1 -
08-16 - 08-16 - 08-16 - 08-16 N
9 08-31- 08-31 // 08-31- 08-31 - I
2 09-15- 09 15 / 7 09-15- 77 09-15 B
Z 09-30- 09-30- 09-30 N | 55
o 10- 157 10 15— 10-15 - 10-15- NN
81030 7/ 10-30- 10-30- 10-30 --
11-14- 11-14- 11-14- 11-14 -
11-29 -7 11-29 -- 11-29 -- 11- 29-- é
i 00 g
08-01- 08- 01 08-01 --- 08-01 -- 5
08-16 - 08-16 %/ 08-16 - os-16 N -
o 08-31 7 08-31- 2 08-31- 7 08-31-
g 09-15- 7, 09-15- 09-15 09-15-
™ 09-30 - 09-30 - 09-30 0930 %777 | [ 03
? 10-15- 10-15- 10-15- 10-15-
© 10-30 10-30- % 10-30 %7 10-30- A
11-14-= 11-14- 11-14- 11-14 277 i
11-29- 11-29 - 11-29- 11-29 e
o o o -0.6
08-01 /// 08-01 %7 08-01 - 08-01 -
08-16 - 08-16 08 16///////4- 08-16 -
9 08-31 08-31- 08-31-
20 o ;3- zz S
- B 17
91015 10-15 // 10-15 - 09-30- 777
& 10-30- 10 30 10 30 10-15-
11-14- 10-30-
11-29- 7 11 29 11 29 -- 11-14-
Chi‘rps Xa\‘/ier Chilrps Xa\l.'ier Chirps Xavier Chilrps Xa\Lrier

Figure S1.3 — Assessment of mean annual cloud top height (CH) correlated with mean annual
rainy season onset anomalies across deforestation percentages for 15-day composites. The
results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—
1), and N-DCC clouds (m—p). Each column represents different horizontal resolutions—0.1°,



40

0.25°,0.5° and 1°. Positive values indicate that the standard anomalies are positively correlated
with the rainy season’s onset delay, while negative values suggest a negative correlation with
the delay of the rainy season. Shaded areas indicate significant results at o = 0.1. Grey boxes
indicate there is not enough data to perform the correlation.
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Figure S1.4 — Assessment of mean annual cloud top height (CH) correlated with mean annual
rainy season onset anomalies across deforestation percentages for 5-day composites. The
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results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—
1), and N-DCC clouds (m—p). Each column represents different horizontal resolutions—0.1°,
0.25°,0.5° and 1°. Positive values indicate that the standard anomalies are positively correlated
with the rainy season’s onset delay, while negative values suggest a negative correlation with
the delay of the rainy season. Shaded areas indicate significant results at o = 0.1. Grey boxes
indicate there is not enough data to perform the correlation.
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Figure S1.5 — Assessment of mean annual cloud fraction (CF) correlated with mean annual
rainy season onset anomalies across deforestation percentages for 15-day composites. The
results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—
1), and N-DCC clouds (m—p). Each column represents different horizontal resolutions—0.1°,
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0.25°,0.5° and 1°. Positive values indicate that the standard anomalies are positively correlated
with the rainy season’s onset delay, while negative values suggest a negative correlation with
the delay of the rainy season. Shaded areas indicate significant results at o = 0.1. Grey boxes

indicate there is not enough data to perform the correlation.

Figure S1.6 — Assessment of mean annual cloud fraction (CF) correlated with mean annual
rainy season onset anomalies across deforestation percentages for 5-day composites. The
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results are grouped by Case 1 DCC clouds (a—d), N-DCC clouds (e-h), Case 2 DCC clouds (i—
1), and N-DCC clouds (m—p). Each column represents different horizontal resolutions—0.1°,
0.25°,0.5° and 1°. Positive values indicate that the standard anomalies are positively correlated
with the rainy season’s onset delay, while negative values suggest a negative correlation with
the delay of the rainy season. Shaded areas indicate significant results at o = 0.1. Grey boxes
indicate there is not enough data to perform the correlation.
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Chapter 2: Mato Grosso’s rainy season: Past, present, and future trends justify immediate

action

Commar LFS, Louzada L, Costa MH, Brumatti LM, Abrahdo GM. 2024. Mato Grosso’s
rainy season: past, present, and future trends justify immediate action. Environmental
Research Letters, 19(11): 114065. https://doi.org/10.1088/1748-9326/ad8588.

Abstract

Mato Grosso state, the agricultural giant of Brazil, owes its success partially to the
long rainy season that has allowed for the extensive adoption of double cropping, elevating the
region to one of the world's leading grain producers. However, recent studies warn of the
adverse impacts of deforestation and climate variability, which are causing a decrease in rainfall
and a delay in the rainy season onset. These changes pose significant threats to both ecosystems
and intensive agriculture. To assess these threats, | compared past and present rainfall and rainy
season duration in Mato Grosso and conducted robust climate projections using climate
simulations forced by realistic deforestation scenarios. My analysis of observed rainfall data
from the past four decades and Community Earth System Model simulations affirmed a
worrying trend of decreasing rainfall volumes, delayed rainy season onset, and shorter rainy
season length. Climate projections indicate that this pattern will intensify, with onsets expected
in late October and rainy season durations shorter than 200 days by mid-century. These findings
underscore the potential impact on Mato Grosso's double-cropping system, a cornerstone of the
region's agricultural success, and emphasize the urgent need for sustainable large-scale
agricultural practices and strategic interventions by regional decision-makers to mitigate

agricultural losses and ecosystem degradation.
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2.1. Introduction
Mato Grosso (MT) is a state in Brazil that has undergone significant growth in recent
decades. In 1980, the state's population was 1.1 million, and by 2000, it had doubled to 2.1
million. As of 2022, the population has further increased to 3.6 million. Agriculture in Mato
Grosso has also experienced rapid growth, especially in the production of soy and maize. In
1980, the total production of these crops was only 260,000 tons, while in 2023, it reached 90

million tons over 12 million ha.

Most of the maize production increase relates to its adoption as a second crop, given
that regions with longer rainy seasons, like MT, can support a double-cropping system as an
intensification method (Arvor et al., 2014; Abrahdo and Costa, 2018).

Mato Grosso has been under a double-cropping system for the last three decades,
especially using soy-maize and soy-cotton combinations, with the second crop becoming as
economically important as the first (Abrahdo and Costa, 2018; Brumatti et al., 2020). Currently,
about 70% (8.5 Mha) (Zhang et al., 2021) of cropland area in Mato Grosso is cultivated with

two crops per year, significantly increasing the state's grain production (Hampf et al., 2020).

Although agriculture is well established in the state, it is heavily influenced by climate
variability, since most double-cropping areas are rainfed (Brumatti et al., 2020; Hampf et al.,
2020). A reduced rainy season might pose a severe challenge for farmers. Deforestation in
concert with climate variability is delaying the rainy season onset, lengthening the dry season
over the different parts of the state, and thereby impacting agribusiness and natural ecosystems
within the biomes (Araujo et al., 2018; Leite-Filho et al., 2019; Marengo et al., 2021a; Hofmann
etal., 2023). The enhanced dry period has harmed rainfed agriculture, where soybean and maize
experienced yield losses of 26 and 892 kg ha™* per season, respectively (Rattis et al., 2021).
This elevates concern for the feasibility of double cropping in light of reduced rainy season
duration over MT in the future (Cohn et al., 2016; Costa et al., 2019).

Reduced rainfall, delayed onset of the rainy season, and lengthening of the dry season
have been attributed to both large-scale (warming of the oceans) and local-scale (deforestation)
factors and their interactions (Costa et al., 2019; Commar et al., 2023a; Smith et al., 2023).
Modeling studies have effectively represented the link between hydroclimate and deforestation.
These studies reveal that deforestation disrupts the energy balance, evapotranspiration, and
surface roughness, leading to feedback mechanisms with a drier atmosphere and shifting the
circulation, reducing the rainfall, and delaying the rainy season onset (Fu et al., 2013; Khanna
et al., 2017; Staal et al., 2020; Commar et al., 2023a).
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Nevertheless, recent research highlighted a compelling association between declining
Amazon rainfall and the intensification of the Hadley and Walker cells (Fu, 2015; Espinoza et
al., 2019; Arias et al., 2020). The strengthening of the Hadley cell reduces precipitation through
increased subsidence, influenced by elevated sea surface temperatures in the Pacific and
Atlantic, alongside a decline in deep convective circulation (Fu, 2015; Espinoza et al., 2021;
Bochow and Boers, 2023). Additionally, the Walker circulation, particularly during the warm
phase of EI Nifio-Southern Oscillation, exacerbates this effect by inducing subsidence over the
continent, leading to severe droughts and delayed rainy seasons (Cai et al., 2020; Leite-Filho et
al., 2020).

This interaction between Amazon climatic dynamics and the Hadley and Walker
circulations reflects the interconnected nature of these atmospheric phenomena. These
interactions profoundly influence the region's hydroclimatic patterns, particularly in response

to anthropogenic changes (Ruiz-Vasquez et al., 2020; Sierra et al., 2022).

The expansion of agricultural areas has been characterized as a no-win situation for
agribusiness. The conversion of natural vegetation to agriculture is usually associated with a
delay in the rainy season onset (Leite-Filho et al., 2021). Adding climate change scenarios to
this equation intensifies the consequences, resulting in an even later onset and a shorter rainy
season (Pires et al., 2016; Costa et al., 2019; Commar et al., 2023a). These extensive effects
could cause economic losses of millions and heavy ecosystemic damage (Brumatti et al., 2020;
Carauta et al., 2021; Leite-Filho et al., 2021). The potential losses should arouse the concern of
regional leaders. Even changing sowing dates and adopting shorter-cycle cultivars might
decrease gross revenues when deforestation and climate change are considered (Brumatti et al.,
2020; Carauta et al., 2021).

Although the correlation between the rainy season onset and duration to climate
change and deforestation is recognized, a thorough assessment focused on agricultural and
ecosystem impact is still overlooked. Therefore, this study aims to comprehensively evaluate
changes and trends in Mato Grosso state's rainfall and rainy season onset and duration. Using
coupled climate models forced by realistic deforestation scenarios, | also seek to provide a
robust climate projection for MT. Having such foresight will allow decision-makers to prepare

effectively, mitigating agricultural losses and averting ecosystem degradation.
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2.2. Methods
2.2.1. Study area

Mato Grosso, situated in Central-West Brazil within the southern legal Amazon,
encompasses three distinct biomes: the Amazon in the northwest, the Pantanal in the southwest,
and the Cerrado across the remainder of the state. Primarily an agricultural region (Figure 2.1a),
Mato Grosso predominantly cultivates crops such as soybeans, maize, and cotton (Arvor et al.,

2014; Abrahéo and Costa, 2018; Zhang et al., 2021).

The agricultural expansion in the region prompted the development of significant
agricultural hubs such as Sorriso and Primavera do Leste (Figure 2.1a-b). This expansion of
crops across the state contrasts with the presence of vast conservation units and indigenous

lands, which predominantly maintain their native vegetation (Figure 2.1).
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Figure 2.1 — Study area showing (a) land use and land cover for Mato Grosso in 2020 and (b)

locations of indigenous lands, conservation units, and case study regions. Main roads are also
shown.
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2.2.2. Study period and data

| used daily precipitation from two databases, extending from 1981 to 2020, to
diagnose past and current behavior of rainfall and rainy seasons for Mato Grosso: (i) The first
is Brazilian daily weather gridded data with a spatial resolution of 0.1° x 0.1° (~11 km) for the
whole of Brazil; this dataset is derived from the spatialization of observational data from 11,473
rain gauges and 1,252 meteorological stations distributed across the country (Xavier et al.,
2022) and is from now on referred to simply as “Xavier.” (ii) The second, the Climate Hazards
Group Infrared Precipitation with Stations (CHIRPS) dataset, with a spatial resolution of 0.05°
% 0.05° (~5 km), combines satellite and rain gauge data; CHIRPS is widely used in Brazil (Funk
et al., 2015). | divided these datasets into two periods, representing past and more recent
decades, 1981-2000 (P1) and 2001-2020 (P2).

| used the Community Earth System Model version 1.0.6 (CESM) (Hurrell et al., 2013)
to produce the future projection. CESM is a fully coupled model, combining atmospheric,
surface, ocean, river, and cryosphere models, producing adequate simulations of earth system
interactions (Hurrell et al., 2013; De Hertog et al., 2023). | reproduced the original RCP2.6 and
RCP8.5 CMIP5 simulations coupled with all the components cited above, excluding the land
use/land cover inside Brazil, where the RCP land model was replaced by environmental
governance (EG) scenarios derived from recent Brazilian environmental policy, land use, and

Ccover.

The EG scenarios represent strong (SEG) and weak (WEG) environmental
governance. The weak scenario mirrors historical trends pre-2005, characterized by policies
supporting agriculture with limited sustainability, thereby increasing deforestation in the
Amazon and Cerrado regions. The strong scenario considers a shift towards sustainability with

robust governmental support and preservationist practices (Rochedo et al., 2018).

With this setup, | conducted four initializations for each scenario with global domain,
with initial historical conditions from four ensemble members of the historical experiment from
the original CESM, thus replicating the original initial conditions in the RCP scenarios. Here, |
used precipitation data with a spatial resolution of 0.9° x 1.25° (~100 km) from the historical
CESM simulations ranging from 1990 to 2000 and a projection for the four combined
scenarios—RCP2.6-WEG, RCP2.6-SEG, RCP8.5-WEG, and RCP8.5-SEG—from 2020 to
2050. For more comprehensive insights into the CESM simulations, readers are referred to
(Commar et al., 2023a).
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2.2.3. Rainy season onset and duration
| employed a modified anomalous accumulation (AA) method to define the onset and
duration of the rainy season (Arvor et al., 2014). This method establishes a relationship between
daily rainfall (Rn) and a reference value (Rref) (EQ. 1) and has proven effective in studies across
agricultural regions in Brazil, utilizing both observed and modeled data (Abrahdo and Costa,
2018; Commar et al., 2023a, 2023b).

In my investigation, I initiated accumulation on July 1, aligning with the midpoint of
the dry season in Mato Grosso. The onset of the rainy season coincides with the day of minimum
AA, while its demise corresponds to the day of maximum AA. Consequently, the duration of

the rainy season spans the interval between these dates (Arvor et al., 2014).
A, = Z% R, — Rref (1)

where AA:= anomalous accumulation at day t; R, = daily rainfall (mm day™) on day
n; and Rrer = reference value. | used a reference value of 2.5 mm day, which is the precipitation
requirement for soybean seedlings (Abrah&o and Costa, 2018).

2.3. Results
2.3.1. Rainy season changes and trends

Rainfall exhibited heterogeneous patterns over time. During period P1, higher
precipitation levels were observed in southern MT, contrasting with period P2, where a
considerable decrease occurred, with the rainfall decreasing across the state (Figure 2.2a-b,
Figure S2.2 1a-Db). Significant reductions were observed in the Pantanal region, with anomalies
exceeding 150 mm and prominent decreasing trends (Figure 2.2c—d, Figure S2.2 1c—d).
Similarly, Primavera do Leste experienced substantial decreases in rainfall, accompanied by
significant downward trends (Figure 2.2c-d, Figure S2.2 1c-d). By contrast, the patterns
observed for rainy season onset and length were more homogeneous. Across most of the state,
a trend toward later onset and shorter duration of the rainy season was noticeable (Figure 2.2e—
I, Figure S2.2 1e-l). Excluding northwestern MT, the trend of the later onset and shorter rainy
season is apparent, and most of the eastern and southern regions exhibited significant changes
in P2 (Figure 2.2g—h, k-1).
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Figure 2.2 — Changes in rainfall patterns and rainy season over four decades using Xavier data,
with comparative analysis and significance testing. Maps represent mean rainfall (R), rainy
seasons onsets (O), and length (L) for two periods, R1, Ol and L1 (a, e, i) and R2, O2 and L2
(b, f, j), shown alongside the differences between P1 and P2 (c, g, k), and the Mann-Kendall S
statistic for the entire period (d, h, I). Dotted areas denote significant differences at a = 0.05 via
Student's t-test (c, g, k) or the Mann-Kendall test (d, h, I). Oblique diagonal lines indicate
significance at a = 0.10 according to the Mann-Kendall test (d, h, ). The black rectangles
represent the three case studies—Sorriso, Primavera do Leste, and Pantanal—as defined in
Figure S2.2

Sorriso, Primavera do Leste, and Pantanal showed at least five days of delay in onset

and a rainy season shorter by ten days (Figure 2.2g, k). Furthermore, trends in rainy season
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delay and reduction over these regions were significant (Figure 2.2h, I, Figure S2.2 1h, 1),
suggesting a drier P2.

The Sorriso and Primavera do Leste regions showed a decreasing rainy season duration
trend, accentuating the concern regarding intensive agriculture, the main economic activity in
these regions. This same trend in the Pantanal region may influence local biodiversity. Thus,

these regions highlight potential economic and ecosystem impacts of a reduced rainy season.

Moreover, the historical analyses reveal reductions in precipitation (Figure 2.2c-d),
delayed onset (Figure 2.2g-h) and reduced length of the rainy season (Figure 2.2k-1) in the

Primavera do Leste region, coinciding with areas dominated by agriculture (Figure 2.1a).

2.3.2. Climate projections
The cumulative distribution function (CDF) of the rainy season onset shows the
likelihood of the rainy season onset occurring before a given day of the year (Figure 2.3). The
CDF of the onset dates for both observed and CESM data ranging between August 15 and
November 15, for the period 1990-2000 is shown in Figure 2.3a—c.

To evaluate the model's skill in defining rainy season onset probabilities, | computed
the mean errors in the onset within probability intervals of 10% (Figure 2.3d). Primavera do
Leste is the region with the least accurate model representation, which is particularly evident
for earlier onsets (cumulative probability < 50%), with errors in the range of 20 days (Figure
2.3d). Conversely, Sorriso and the Pantanal exhibit anomalies below 10 days for the cumulative
probability of onset > 30% (Figure 2.3d). Furthermore, the model demonstrates a skillful
representation of rainy season onset across all three regions, notably capturing late onsets better
than early ones.
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Figure 2.3 — Cumulative probability of rainy season onset for the Xavier observed data (OBS)
and CESM historical simulations from 1990 to 2000 for each case study region: (a) Sorriso, (b)
Primavera do Leste, and (c) Pantanal. (d) illustrates the difference in the cumulative probability
of rainy season onset between CESM simulations and observed data, calculated at various
probability intervals. Positive values indicate that the simulated rainy season happens with later
onset than was observed, while negative values indicate earlier onset. The error varies

between +20 and —10 days.

Figure 2.4 summarizes the three regions observed and simulated CDFs for the rainy

season onset. Consistent with the anomalies and trends observed in rainy season onset (Figure
2.2g-h), P2 (2001-2020) shows later onset dates than P1 (1980-2000) for all probability levels

across all three regions (Figure 2.4a—c). Analysis of observed data indicates a decrease in the

probability of early-onset dates (before Sep 30) in Sorriso (Figure 2.4a) and in the Pantanal

(Figure 2.4c) and, in particular, a remarkable reduction in Primavera do Leste (Figure 2.4b).

This analysis of past and present underscores a reduction of early-onset years between P1 and

P2, with an increased frequency of late-onset years.



53

The CESM cumulative distribution indicates that future decades will likely experience
later rainy season onsets compared to P2, suggesting a delay in the onset dates at all probability
levels for Sorriso and Primavera do Leste (Figure 2.4a, b). As time progresses, projected onsets
tend to occur later, with even later onsets projected for the 2041-2050 period. The impact of
these shifts is notably pronounced in Sorriso and Primavera do Leste, with their onset
distributions shifting by up to 15 days when compared to observed data, and 10 compared to
historical simulations (Figure 2.4a—b). Although the Pantanal region exhibits later onset dates
in the observations than the projections (Figure 2.4c), early-onset dates still lag those observed
in P1.
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Figure 2.4 — Cumulative probability of rainy season onset. Comparison between Xavier for
periods P1 (1981-2000) and P2 (2001-2020) and climate simulations (CESM) for the historical
period (1990-2000), and future decades across each case study (a—c).

| define an early rainy season onset as occurring on or before September 30. A rainy
season starting on or before this date typically indicates a larger rainy period and the potential
for successful double cropping in Mato Grosso. However, with onsets occurring after October
1, the likelihood of failure for double cropping increases, resulting in lower yields for the second
crop. Onsets after November 1 prompt farmers to refrain from planting a second crop due to

climate risks associated with later sowing dates.

The probabilities of projected rainy season onset dates exhibit a distinct gradient across
Mato Grosso, with early onsets concentrated in the northwestern region (Figure 2.5a, e, i). A
northwest—southeast gradient of onset dates is apparent (Figure 2.5b—d). In the northwest part
of the state, over the decades the probability of early onset decreases from 60%-80% in the
2000s to 40%-60% in the 2040s (Figure 2.53, e, i). Onsets between October 1 and 15 show an
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increasing probability in the northwest and southwest regions. A similar trend is observed in
the eastern part of the state for later October dates.

Notably, Sorriso and Primavera do Leste demonstrate an increase in the probability of
onset occurring between October 16 and 31, rising from 20%-40% in 2021-2030 to a 40%—
60% chance by mid-century (Figure 2.5g, k). Concurrently, the likelihood of an early onset
decreases to 20% for these regions (Figure 2.5e, i). There is a noticeable shift in the probability
distribution across these date thresholds as the decades progress, with the probability of an early
onset shifting from September to early and later October dates, indicating a progressive delay
for the climate change and deforestation projection scenarios. This same shift in onset dates can
be noticed in the Pantanal region, with most of the region maintaining a high probability of

onset in early October.
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Figure 2.5 — Probability of rainy season onset occurrence within specific time ranges. Each
column represents the probability of onset for certain dates: on or before Sep 30 (a, e, i), Oct
1-Oct 15 (b, f, j), Oct 16—Oct 31 (c, g, k), and on or after Nov 1 (d, h, I). The rows represent
three different decades: 1990-2000 (a—d), 2021-2030 (e-h), and 2041-2050 (i—I). The black
rectangles indicate the three case study regions—Sorriso, Primavera do Leste, and Pantanal—
as defined in Figure S2.2
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Complementary to my analysis of onset thresholds, | defined intervals for the rainy
season length. Rainy seasons lasting more than 220 days indicate a prolonged rainy period that

leads to successful double cropping. As the rainy season shortens towards 180 days, the
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probability of failure for double cropping increases, leading to an increased possibility of low
yields for the second crop. If the rainy season lasts less than 180 days, sowing a second crop

becomes unfeasible for farmers.

Probabilities for rainy season length show a similar gradient to that of onset, with
longer rainy seasons concentrated in the northwestern region (Figure 2.6d, h, I). Over the
decades, the probability of extensive rainy seasons decreases, while areas with durations shorter
than 180 days come to cover half of MT with probabilities exceeding 30% (Figure 2.6e, i).
Lengths of 181-200 days show increasing probabilities in central MT, and by mid-century,
most of the state exhibits more than a 50% chance of being in this range (Figure 2.6f, j).
Similarly to rainy season onset, there is a transition towards shorter rainy season lengths, and

the probability for these shorter rainy periods increases across the state (Figure 2.6m).

Additionally, Sorriso, Primavera do Leste, and Pantanal demonstrate a decrease in the
probability of longer rainy season lengths, with durations of 181-200 days notably increasing
from 2021-2030 to 20412050 (Figure 2.6n—p). Concurrently, the likelihood of a rainy season
shorter than 200 days for these regions surpasses 80% (Figure 2.6n-p).
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Figure 2.6 — Probability of rainy season length occurrence within specific time ranges and
cumulative probability of rainy season duration. Each column represents a specific duration in
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Primavera do Leste, and Pantanal—as defined in Figure S2.2. The bottom row shows
cumulative probability for the whole of Mato Grosso state (m) and each case study: Sorriso (n),
Primavera do Leste (0), and Pantanal (p).

2.4. Discussion
2.4.1. Rainy season diagnosis

Previous studies investigating precipitation across areas broader than MT have
consistently registered decreasing rainfall over MT. Specifically, eastern, southwestern, and
southern MT have shown increased drought and diminishing rainfall trends (Araujo et al., 2018;
Marengo et al., 2021b; Hofmann et al., 2023), which corroborates my diagnosis (Figure 2.2).
These trends are particularly pronounced during the transition from dry to wet periods (Araujo
et al.,, 2018; Hofmann et al., 2023), marked by the rainy season onset. Furthermore, the
expansion of drier trends has been observed in the Cerrado and Pantanal regions of the state
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(Araujo et al., 2018; Hofmann et al., 2023). In addition to analyzing the region’s rainfall, |
explored trends and anomalies in rainy season onset and duration, enhancing my understanding

of the changing climatic patterns in the region.

Among the possible causes of these changes are the shifts in regional atmospheric
circulation induced by land use and land cover within the region (Araujo et al., 2018; Michot
et al., 2024). Extensive deforestation in tropical areas promotes a negative effect on
precipitation (Smith et al., 2023) and, for Amazon areas comprising northern MT, each 10%
increment of deforestation might delay the rainy season onset by 1.7 days (Leite-Filho et al.,
2019). Also, modulations in the South Atlantic Convergence Zone (SACZ) characterized by
increased intensity might promote a subsidence movement, affecting the rainy season and
precipitation amounts (Arvor et al., 2017; Michot et al., 2024). | consider these sources of
variation likely to be among the causes since these studies have shown similar results to mine,

with a delayed onset and consequent shorter rainy season length.

With agriculture as the main economic activity in MT, the current behavior of the rainy
season onset and duration, along with the observed trends, have raised concern for farmers.
Similar studies have verified that a decrease of 100 mm in precipitation might reduce the
possibility of double cropping by 3.6% (Rattis et al., 2021). Similarly, delayed onset and shorter
length of the rainy season severely affect or even eliminate the possibility of a second crop
(Abrahdo and Costa, 2018; Rattis et al., 2021; Leite-Filho et al., 2024). My analysis found
rainfall anomalies surpassing 150 mm, with significant decreasing trends in onset and length,
with anomalies of up to 20 days between two 20-year periods (Figure 2.2k). However, trend
analyses indicate a trend of up to 1-day reduction of rainy season duration per year, equivalent
to a trend of nearly 40 days in 40 years from 1981 to 2020 (Figure 2.2l). These results, together
with the previous findings, are especially concerning Sorriso and Primavera do Leste, which
rely on agricultural development. Despite the potential for irrigation to mitigate yield losses,
similar studies for Mato Grosso have reported reductions in yields even in irrigated areas (Rattis
etal., 2021).

The economic consequences of agriculture are not the only concern for Mato Grosso.
In 2020, the Pantanal region experienced an unusually long and severe drought associated with
a heat wave, leading to massive, widespread fires (Marengo et al., 2021a; Libonati et al., 2022).
This reduction in rainfall and delayed rainy season onset could present challenges for the
region's biodiversity and society (Mataveli et al., 2021; Libonati et al., 2022). My analysis of
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observed trends in the Pantanal over the last four decades reveals a significant reduction in
rainfall and a delayed onset of the rainy season, aligning with previous studies.

2.4.2. Model skill and projection configuration

As | am aiming to provide valuable information to Mato Grosso decision-makers
regarding sowing dates and double cropping feasibility, the distribution of rainy season onset
probability was my main concern. Thus, errors of less than 10 days by the end of my probability
spectrum (Figure 2.3) emerge as a reliable representation of the onset for the regions, given the
region's seasonal precipitation variability (Hofmann et al., 2023; Michot et al., 2024).
Moreover, CESM has presented consistent rainfall volumes for dry-to-wet transition months
(Commar et al., 2023a), with comparable behavior to studies using multimodel ensembles,
including underestimated rainfall in the Brazilian Amazon region (Monteverde et al., 2022;
Olmo et al., 2022).

Concerning CESM configuration, the Community Land Model (CLM) represents
surface processes as having higher evapotranspiration than observed for tropical regions with
C4 plants (Spracklen et al., 2018; Boysen et al., 2020). Since my simulations replace the natural
vegetation with C4 grasses, this parametrization might impact local rainfall values. However,

this setup preserved the original CMIP5 configuration.

| grouped CESM simulations into decades comprising all four scenarios (RCP2.6-
WEG, RCP2.6-SEG, RCP8.5-WEG, and RCP8.5-SEG), enabling the occurrence of extreme-
onset events (early and delayed) in my probability distributions. This promoted the
understanding of how the extremes place in each projected decade since, for decision-makers,

extreme events are the major cause of disasters in planning and yield failures.

2.4.3. Climate projections

Studies using models have shown a strong correlation between deforestation,
precipitation, and the duration of the rainy season. These studies demonstrate that widespread
deforestation can seriously disrupt the energy balance, evapotranspiration, and surface
roughness, ultimately triggering feedback mechanisms that reduce rainfall and delay the onset
of the rainy season by up to 40 days (Khanna et al., 2017; Staal et al., 2020; Commar et al.,
2023a). This delay in rainfall increases the dry season duration in several studies using CMIP5
due to the increase in temperature, the raised concentration of greenhouse gases, the
intensification of El Nifio, changes in the behavior of the subtropical jet, or changes in the

moisture transport (Fu et al., 2013; Costa et al., 2019; Brumatti et al., 2020; Douville et al.,
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2023). Likewise, my MT results show a considerable shift towards a later onset and shorter

length of the rainy season in climate change scenarios.

Increased deforestation scenarios combined with climate change could lead to a
US$2.8 billion gross revenue decrease by 2050, and even using more adapted cultivars aiming
for mitigated impact for double cropping does not maintain healthy revenue values (Brumatti
et al., 2020). Indeed, climate change is expected to reduce second-crop productivity by 17% in
2040 (Hampf et al., 2020). Considering the Amazon biome, which is part of the MT ecosystem,
agriculture might lose US$15 billion yearly due to the advance of deforestation (Commar et al.,
2023a). My finding that there is a higher probability of shorter rainy seasons with later onset
reaffirms these disastrous scenarios from previous studies but adds graduated information about

the progress of these changes decade by decade to help with developing mitigation strategies.

Deforestation scenarios analogous to ours have demonstrated a 20% loss in double-
cropping yield for Mato Grosso, with projections indicating that regions such as Sorriso and
Primavera do Leste may face yield losses of up to 15% under similar conditions (Spera et al.,
2020). This is particularly concerning, as climate projections suggest that these regions are
among the most vulnerable to potential losses in second crops (Hampf et al., 2020; Carauta et
al., 2021). Thus, combining these effects can severely harm the double-cropping potential for

those regions.

Other agricultural regions in Brazil increased their production through agricultural
intensification practices, especially irrigation. However, this intensification, together with
precipitation variability, has triggered regional water stress (Pousa et al., 2019; Santos et al.,
2020; Commar et al., 2023b). While sustainable intensification of agriculture may offer a partial
solution for MT (Rattis et al., 2021; Marin et al., 2022), it is crucial to acknowledge and address

this potential conflict.

Compared to agricultural areas, the Pantanal region faces ecological issues instead.
Details about the 2020 drought (Marengo et al., 2021a; Libonati et al., 2022) support my
observations concerning reduced rainfall (Figure 2.2c) and shortened rainy seasons (Figure
2.2K). This severe dryness has significant consequences for the local economy, population, and
ecosystems, all of which rely on the biome (Tomas et al., 2019; Mataveli et al., 2021; de Moraes
et al., 2022). The 2024 widespread fire event and the potential amplification of other severe
events due to the rainfall and rainy season characteristics presented here cannot be ignored.
Regional policies must consider these projections to secure the welfare of Pantanal biodiversity,

economy, and local population.
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2.5. Conclusions: a call for action
The past and present diagnostic analysis and the projected analysis for future climate
indicate consistent patterns. The trends towards late onset of the rainy season and reduced
duration of the rainy season, trends that started in the last few decades, are expected to continue.
Those who moved to Mato Grosso in the late 20" century and got used to its rainy climate and
long rainy season should not expect a similar climate in the first half of the 21% century.
Agricultural and ecological conservation practices used before are no longer sustainable in the

21% century.

This highlights the urgent need for action to adapt to climate change. These climate
projections, which are consistent with recent climate changes, represent a critical opportunity.
Regional decision-makers might use these projections and develop regional adaptation

strategies to make agriculture and ecosystem conservation more sustainable in future decades.

For agriculture, despite the state's historical reliance on agricultural intensification
through rainfed double cropping over the past several decades, climate projections indicate that
this practice is under increasingly severe climate risk, which may lead to reduced yields in the
first or second crop. A possible solution lies in irrigation. Supplementary irrigation during the
beginning of the first crop season and the end of the second crop season might resolve the
problem without using much water. Yet, while this solution is promising, it will be a challenge.
Because of Mato Grosso's climate, irrigation was virtually non-existent in the state until 2000
and has been increasing since then. Still, Mato Grosso had less than 200,000 ha irrigated in
2020, while the need for irrigation now amounts to ~10 Mha (Rocha Junior et al., 2020), a 50-
fold difference. This brings significant challenges in terms of energy production and
distribution, and availability of credit to farmers. In addition, careful monitoring of water

resources is essential to mitigate the risk of water stress and water use conflicts.

The challenges are even stronger for ecosystem conservation. Future climate
projections indicate that the Pantanal is a region highly susceptible to desertification (de Moraes
et al., 2022). Desertification in this region increases the probability of fires and results in low
river levels that limit the population's mobility and the transport of commodities to the Atlantic
Ocean via the Parana—Paraguay waterway (Marengo et al., 2021a). Solutions for the Pantanal
drought that preserve the functioning of this delicate ecosystem are still to be proposed.

In summary, Mato Grosso faces significant challenges due to ongoing and upcoming
climate change. Previous agricultural and conservation practices are no longer viable, and

immediate action is needed. Specific agricultural policies that facilitate the implementation of
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irrigation systems without compromising water security are as urgent as specific ecosystem
conservation policies that realize that the Pantanal is at imminent risk of desertification through

fire.
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2.6. Supplementary material
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Figure S2.1 — Changes in rainfall patterns and rainy season over four decades using CHIRPS
data, with comparative analysis and significance testing. Maps represent mean rainfall (R),
rainy seasons onsets (O), and length (L) for two periods, R1, Ol and L1 (a, €, i) and R2, O2 and
L2 (b, f, j), shown alongside the differences between P1 and P2 (c, g, k), and the Mann-Kendall
S statistic for the entire period (d, h, I). Dotted areas denote significant differences at o = 0.05
via Student's t-test (c, g, k) or the Mann-Kendall test (d, h, I). Oblique diagonal lines indicate
significance at a = 0.10 according to the Mann-Kendall test (d, h, I). The black rectangles
represent the three case studies—Sorriso, Primavera do Leste, and Pantanal—as defined in
Figure 2.1.
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Chapter 3: A possible deforestation-induced synoptic-scale circulation that delays the
rainy season onset in Amazonia

Commar LFS, Abrahdo GM, Costa MH. 2023. A possible deforestation-induced synoptic-
scale circulation that delays the rainy season onset in Amazonia. Environmental Research
Letters, 18(4): 044041. https://doi.org/10.1088/1748-9326/acc95f.

Abstract

The physical hydroclimate system of the Amazon functions on several spatial and
temporal scales. Large-scale processes control the main seasonal patterns of atmospheric
circulation and rainfall. Seasonal variability in solar forcing, associated with the low rainforest
albedo, provides energy for continental heating, convection, and the onset of the South
American monsoon. Mesoscale processes cause localized circulation such as river breeze and
deforestation breeze. | assessed the impact of different deforestation scenarios for the mid-
century last decade rainy season. Here | describe a yet unreported synoptic-scale circulation
that delays the rainy season onset in southern Amazonia. This model-predicted circulation is
driven by extensive (ca. 40%) deforestation patterns and may last as long as two months. This
persistent anomalous circulation may result in a rainy season onset delay of 30 — 40 days
compared to the historical period. Like other synoptic-scale phenomena, differences in surface
heating drive this circulation. Given the unabated deforestation trends, the consequences for
local ecosystems, agriculture, and power generation of delayed rainy season onset associated

with this circulation may be difficult to revert.
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3.1. Introduction

The seasonal behavior of the Amazon’s hydroclimate is related to large-scale
mechanisms such as the Intertropical Convergence Zone and the South American Monsoon
System, which cause most of the region’s rain to fall during summer (Wright et al., 2017; Mu
and Jones, 2022; Sierra et al., 2022; Talamoni et al., 2022). In addition, the South Atlantic
Convergence Zone is a monsoon trough convergence band oriented in the northwest—southeast
direction and ranging from the Amazon basin to the tropical South Atlantic Ocean (Sierra et
al., 2022; Talamoni et al., 2022). Moreover, the EI Nifio—Southern Oscillation controls the main
interannual hydroclimate variability in Amazon (Marengo et al., 2021b; Espinoza et al., 2022)
and has contributed to severe droughts in the basin recently (Marengo et al., 2021b; Mu and
Jones, 2022).

Northwestward of an SW—-NE diagonal ranging from 16° S, 60° W to 4° S, 45° W, the
Amazon climate is humid, with either no dry season or just a less rainy season (Koppen’s Af
and Am) (Alvares et al., 2013). As this diagonal is crossed, in southern Amazonia (SA), the
climate transitions from humid to seasonal (Koppen’s Aw). The onset of the rainy season in SA
is related to large-scale mechanisms and heterogeneous solar heating promoting convection in
the region (Leite-Filho et al., 2020; Espinoza et al., 2022). The heating promotes
evapotranspiration, increasing atmospheric moisture and preconditioning the regional

convection for the rainy season onset (Wright et al., 2017; Talamoni et al., 2022).

In the last few decades, the rainy season onset in SA has been delayed(Fu et al., 2013;
Leite-Filho et al., 2020). This behavior relates to changes in atmospheric circulation, regional
convective energy (Wright et al., 2017; Talamoni et al., 2022), and land-use change by
deforestation (Leite-Filho et al., 2020; Staal et al., 2020). Specifically, deforestation can change
the surface energy balance and surface roughness, creating feedbacks that reduces rainfall and
delays the rainy season onset (Stickler et al., 2013; Lawrence and Vandecar, 2015; Khanna et
al., 2017; Staal et al., 2020; Caballero et al., 2022b; Mu and Jones, 2022).

Early studies that analyzed the effects of complete Amazon deforestation on climate
simulated a reduction in the evapotranspiration and precipitation proportional to the increase in
the land surface albedo, which would impact the surface energy fluxes (latent and sensible heat)
(Shukla et al., 1990; Dirmeyer and Shukla, 1994; Eltahir and Bras, 1996; Costa and Foley,
2000; Sampaio et al., 2007). In the simulations, these energy fluxes promoted a change in the
atmospheric circulation, impacting the rainfall volume and rainy season timing due to

anomalous subsidence over the region.
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However, current deforestation patterns are fragmented and on the scale of a few tens
of kilometers. Mesoscale forest clearing creates a thermally driven mesoscale (10-100 km)
circulation called the deforestation breeze (Saad et al., 2010; Lawrence and Vandecar, 2015;
Fassoni-Andrade et al., 2021). This circulation may promote subsidence, diminishing rainfall
upwind of the deforested areas (Saad et al., 2010; Khanna et al., 2017).

Analyses of intermediate-scale deforestation scenarios in the last two decades have
associated deforestation with rainfall decrease (Costa et al., 2007; Sampaio et al., 2007; Pires
and Costa, 2013; Spracklen and Garcia-Carreras, 2015), but the coarse-resolution models (~300
km) used in these analyses might not have correctly represented the circulation dynamics
between the mesoscale and the large-scale processes. Those models' resolutions might also have
affected land-atmosphere interactions since there is an apparent relationship between the
deforestation scale and rainfall impact (Spracklen and Garcia-Carreras, 2015; Leite-Filho et al.,
2021; Caballero et al., 2022b; Mu and Jones, 2022; Smith et al., 2023).

Here | use a fine-resolution (0.9° x 1.25°) coupled climate system model to investigate
the effects of realistic deforestation scenarios on the Amazon’s climate and increasing
atmospheric CO> concentrations. While | follow the representative concentration pathways
(RCPs) of the Coupled Model Intercomparison Project Phase 5 (CMIP5), | consider their land-
use scenarios too optimistic for Amazonia. RCP8.5 assumed Amazon deforestation of 20% by
2050 (Pires et al., 2016), which is close to estimates of the current (2020) levels of Amazon
deforestation (~838,000 km?2) (Souza et al., 2020). Instead of using the default CMIP5
scenarios, | used two realistic deforestation pathways that emerged from different
environmental policy scenarios (Rochedo et al., 2018). The strong environmental governance
(SEG) scenario enhances forest legislation and conservation, while the weak environmental
governance (WEG) scenario renounces deforestation control and reinforces predatory practices
(Rochedo et al., 2018; Leite-Filho et al., 2021). In the SEG pathway, the deforested area will
be ~23% in 2050, while with WEG, deforestation could reach ~1,700,000 km? (~40%) by the
same time (Rochedo et al., 2018).

3.2. Methods
3.2.1. Climate simulations

| used the Community Earth System Model version 1.0.6 (CESM) (Hurrell et al.,
2013). CESM is a fully coupled model capable of simulating interactions between the different
components of the climate system, such as the atmosphere, oceans, cryosphere, and land surface

(Hurrell et al., 2013; Sampaio et al., 2021). | arranged the simulations to reproduce the original
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RCP2.6 and RCP8.5 CMIP5 simulations with coupled atmosphere, ocean, sea, and ice, except
for the land-use patterns inside Brazil, where the original RCP land-use patterns were replaced

by those of two locally informed environmental governance (EG) scenarios (see below).

The Community Land Model version 4 (CLM) is the component that represents
surface processes in CESM (Hurrell et al., 2013). It represents the transient land-cover change
between the fractions of 15 plant functional types (PFTs), each with its own set of physiological

parameters and RCP's emissions effects on it.

Four initializations were performed for each scenario, with initial historical conditions
taken from four ensemble members of the historical experiment with the original CCSM4
(Community Climate System Model version 4, former name of CESM) for the year 2005, thus
replicating the original initial conditions of the scenarios present in the RCP simulations from
CMIPS5.

3.2.2. Environmental governance scenarios
Inside Brazil, land-use patterns for CLM were taken from two scenarios representing
land-use futures under two levels of environmental governance: weak environmental
governance (WEG) and strong environmental governance (SEG). Both EG scenarios
considered the trajectory of Brazilian environmental policy, land use, and occupation in recent
years (Rochedo et al., 2018).

The WEG scenario represents the worst possible case for the environment, indicating
policies to support the development of agriculture with zero sustainability. WEG was designed
to replicate the deforestation trends of the pre-2005 period when the environmental governance
of the Amazon and Cerrado was at its lowest. The SEG scenario assumes that environmental
policies will be enforced and have government support, with conservationist practices and
economic incentives for preservation, replicating deforestation rates from the 2005-2012 period

when environmental governance was substantially reinforced (Rochedo et al., 2018).

The EG scenarios consist of yearly land-cover information on a 25ha grid
discriminated into 31 classes. These were reclassified into crops, pasture, natural vegetation,
and planted forest, and then further reclassified into CLM’s 15 PFTs (Table S3.1). Natural
vegetation was mapped to a combination of PFTs with the same fraction as those in the primary
vegetation maps from Ramankutty and Foley (Ramankutty and Foley, 1999). For a more

detailed description of the mappings, refer to Oleson et al. (Oleson et al., 2010).
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3.2.3.  Anomalies for the decade 2040-2050
I ran the simulations for 20122050 for four scenarios that combined climate forcings

and EGs: RCP2.6-WEG, RCP2.6-SEG, RCP8.5-WEG, and RCP8.5-SEG. | calculated
anomalies between the EG scenarios (WEG — SEG) to assess their effects on the rainy season
onset. The onset is defined as the start of the lengthiest period when rainfall exceeds the
established threshold for a specific region (Supplementary methods — Eg. 1). | calculated
monthly averages for zonal, meridional, and vertical wind, rainfall, net radiative flux (Rn), and
heat fluxes (latent and sensible) for 2040-2050 for September, October, and November.

3.3. Results
3.3.1. Rainfall validation

To assess the model's skill, | compared its rainfall results with an ensemble of observed
precipitation data comprising the GPCC, CHIRPS, and PERSIANN-CDR (described in the
Supplementary methods). The CESM simulations behavior (Figure 3.1a-b) was similar to the
observed data (Figure 3.1c—d), showing higher precipitation over the northern portion of the
Amazon and decreasing the rainfall amount in the southern direction. Most anomalies were

between £2mm/day (Figure 3.e-f), with significant differences in September (Figure 3.1e).
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Figure 3.1 — Monthly mean precipitation and anomalies for CESM historical period and the
observed data (1990-2005). CESM precipitation (a — b), average observed precipitation (¢ — d),
and precipitation anomalies (e — f). Shaded areas indicate differences significant at o = 0.05
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3.3.2. Climate response to different environmental governance scenarios
While the SEG deforestation is not much different from 2020 deforestation levels, the
WEG pathways promote more extensive and heavier deforestation in SA (Figure 3.2). The
difference between the WEG and SEG scenarios is always greater than 5%, but in northern

Mato Grosso and along paved roads, the deforestation differences are over 60% (Figure 3.29).

There was an increase in deforestation for the 2040-2050 decade (Figure 3.2c—f),
especially in the WEG scenario AM, MT, and PA frontiers increased deforestation. What
showed a change in the PFTs compositions with an expansion in croplands and pasture.
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Figure 3.2 — Study area, with main roads, deforestation (historical and scenarios), and scenarios
differences. Orientation map (a) with state names (AM — Amazonas, MT — Mato Grosso, PA —
Pard, and RO — Ronddnia), major cities (numbered), ports (black triangles), and highways
(labeled BR). P-Q and T-U indicate two cross-sections for circulation analyses. Total
deforestation in 2005 (b), 2040 according to WEG (c) and SEG (d), and 2050 according to
WEG (e) and SEG (f) pathways and the difference between them, calculated as WEG — SEG

(9).

The differences between deforestation scenarios influence the energy partitioning and
distribution over the region, revealing previously unreported shallow synoptic-scale circulation
over SA and Mato Grosso (Figure 3.3). This circulation can be as deep as 600 hPa in September
and October (Figure 3.3a, b, e, f, i, j, m, and n) and extends from 1,200 to 1,500 km (Figure
3.4). I noticed a clearer circulation for RCP2.6 in September (Figures 3a and i), while RCP8.5
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presented a later circulation pattern in October (Figures 3f and n), with sharper circulation
behavior (Figures 3e, f, m, and n). This synoptic circulation is absent in November, when the

rainy season has already started.
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Figure 3.3 — Synoptic-scale circulation and its impacts on precipitation. Zonal winds and
vertical velocity anomalies calculated as WEG — SEG over the cross-sections P—Q (a—c, e—g)
and T-U (i-k, m-o0) for September and October (the rainy season onset months) and for
November (when the rainy season is already established); red and blue arrows indicate
significant differences at . = 0.05 and 0.10, respectively. Total precipitation changes calculated
as WEG — SEG over cross-section P—Q for RCP2.6 and RCP8.5 (d and h) and cross-section T—
U for RCP2.6 and RCP8.5 (I and p) that are significant at o = 0.10; values of precipitation not
shown are not significant at o = 0.10.

Regarding the circulation pattern, | observed a dipole behavior over SA (Figure 3.3)
with a subsidence branch over northern Mato Grosso (MT) and an ascending branch over the
southern state of Amazonas (Figure 3.4). In RCP8.5, most of Mato Grosso experiences a
subsidence anomaly (Figure 3.4d). These subsidence regions cause a significant (. = 0.05)

delay in the rainy season onset (Figure 3.5).

The subsidence occurs mostly over regions with a negative net surface radiative flux
(Rn) anomaly (Figure S3.3.1a-d), associated with the albedo increase due to deforestation in
the region (Figure 3.2g). Rn reductions cause reductions in both sensible heat flux (H) and the

injection of water vapor into the atmosphere (reduction in latent heat flux LE) (Figure S3.3.2
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and Figure S3.3.3). Similarly, the increased convection occurs where Rn has a positive
anomaly, mostly in September (Figure S3.3.1a—b). This spatial energy distribution mirrors the

ascending and descending circulation branches, characterizing a thermally induced circulation.
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Figure 3.4 — Vertical velocity (omega) anomalies at 850 hPa were calculated as WEG — SEG
for RCP2.6 (a, ¢, e) and RCP8.5 (b, d, f). Shaded areas indicate results significant at o = 0.05.

Global warming and deforestation patterns cause significant rainfall anomalies (Figure
$3.3.4) and a significant delay in the rainy season onset (Figure 3.5 and Figure S3.3.5). For my
four scenarios in SA, RCP2.6 shows an average onset on September 30 and October 4 for SEG
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and WEG, respectively (Figure S3.3.5b and c), while RCP8.5 shows an average onset on October
1 and 7 for SEG and WEG (Figure S3.3.5d and e), respectively.

The circulation anomaly exhibits a predominant subsidence movement over SA and
MT during September and October (Figure 3.3 and Figure 3.4a-d) when the rainy season
usually begins in these areas (Figure S3.3.5a). In RCP2.6, the circulation affects most of SA,
all of MT, and Par4, with anomalies as long as 12 days (Figure 3.5a). The significant anomalies
increase spatially for RCP8.5, with a longer delay values (Figure 3.5b). I also observed that,
comparing the historical (1990-2005) onset with the worst scenario (RCP8.5 + WEG), the delay
in the onset can reach 30—40 days (Figure S3.3.5a and e), and the areas with significant onset

delay extend geographically over most of MT (Figure 3.5b).

RCP2.6 is associated with an earlier onset than RCP8.5 (Figure S3.3.5b—e). Rainfall
reductions are more significant in September in RCP2.6, while in RCP8.5, the main reductions
happen in October (Figures S4a and d).
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(@) and RCP8.5 (b). Shaded areas indicate anomalies significant at o = 0.05.
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3.4. Discussion
3.4.1. Model validation

My simulation represented the land-atmosphere interactions overAmazon as an
energy-limited process, in agreement with observations and other CESM experiments (Baker
et al., 2021). Moreover, CESM accurately represented the circulation pattern and its impact on
precipitation variability in South America (Olmo et al., 2022). Furthermore, CESM's
precipitation behavior was similar to the observations (Figure 3.1), following previous
multimodel evaluations, including some underestimation over the Amazon (Firpo et al., 2022;
Monteverde et al., 2022). My work is innovative in presenting a monthly scale analysis, which

identifies with more detail differences in model simulations compared to annual means.

Previous works suggested good simulations of vegetation water cycles and energy
fluxes by land surface models (CLM included) in Amazon (Christoffersen et al., 2014;
Restrepo-Coupe et al., 2021). When replacing forests with C4 grasses, CLM tends to produce
higher LE values in CESM simulations because C4 grasses are very productive in tropical
regions (Boysen et al., 2020). Thus, increased values in LE coinciding with high deforestation
regions (Figure S3.3.3c) were related to increased evapotranspiration due to an enhanced C4
plant's leaf area index (LAI) (Figure S3.3.7¢). Although this behavior does not match observed
evapotranspiration after vegetation loss, neither in forests nor pastures (Spracklen et al., 2018),
it could be related to the physiological effects of CO2 or may be model-specific due to the model
parametrization (Boysen et al 2020, Pitman et al 2009) and thus may bring uncertainty to the
generalization of the results. However, | keep the original CLM parameterization to maintain
full compatibility with the CMIP5 simulations.

Nevertheless, my simulations indicated increased precipitation (Figure S3.3.4c) where
the LE and LAI were higher (Figure S3.3.3c and Figure S3.3.7c), demonstrating a cohesive
relation between evapotranspiration and rainfall over Amazon, similar to previous ESM

analysis (Lawrence and Vandecar, 2015; Boysen et al., 2020; Baker et al., 2021)

3.4.2. Climate response and impacts of different environmental governance
scenarios

Large-scale circulation patterns influence rainfall in SA all year (Mu and Jones, 2022;
Sierra et al., 2022; Talamoni et al., 2022), while mesoscale circulations induced by
deforestation have a much shorter duration (Saad et al., 2010; Lawrence and Vandecar, 2015;
Khanna et al., 2017; Sierra et al., 2022). My results showed a deforestation-induced synoptical
scale circulation anomaly with a duration of two months (Figure 3.3 and Figure 3.4), impacting

the early rainy season in SA.
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The additional deforestation disturbed the net radiation balance and partitioning over
SA, with negative anomalies in the Rn and LE (Figure S3.3.1 and Figure S3.3.3), creating a
subsidence circulation that reduced the rainfall and delayed the rainy season. Moreover, the
persistence of the circulation anomaly during the dry-to-wet transition months (September—

October) exacerbated the magnitude and spatial extent of the delayed rainy season onset.

Despite the known impact of reducing evaporation and precipitation, highlighting the
significance of surface fluxes (Findell et al., 2011; Lee et al., 2012), the role of synoptic-scale
phenomena is often overlooked in such cases, particularly in the context of extensive

deforestation as discussed herein.

The expansion of roads in the Amazon has been causing deforestation since the 1970s,
transitioning forests to agriculture around BR-230 (Moran, 2016; Li et al., 2019). Yet
deforestation was constrained by the poor condition of Amazonia’s non paved highways. These
constraints have recently been removed since the recent expansion and paving of BR-163 and
BR-319 (Figure 3.2a). The paving of BR-163 between the Mato Grosso—Paré border and the
Miritituba Port between 2019 and 2021 and the ongoing paving of BR-319 linking Porto Velho
to Manaus have facilitated access to these regions leading to further deforestation due to land
occupation for agriculture expansion (Andrade et al., 2021; Ferrante et al., 2021). Regions
closer to Santarém showed higher deforestation over WEG (Figure 3.2g), confirming the
negative impact of BR-163 under weak governance (Soares-Filho et al., 2004; Saad et al.,
2010). However, a higher-resolution model could provide more detailed information on road-

level deforestation.

Deforestation impacted climates in both RCP scenarios through changes in
atmospheric circulation, rainy season onset, and rainfall (Figure 3.3, Figure 3.5, and Figure
S3.3.4, respectively). These results are consistent with several studies that relate deforestation
and global warming to rainfall reduction and rainy season delay (Lawrence and VVandecar, 2015;
Khanna et al., 2017; Wright et al., 2017; Costa et al., 2019; Leite-Filho et al., 2020; Baudena
et al., 2021; Leite-Filho et al., 2021). However, in this study, | simulated a spatially long
(~1,200-1,500 km) and persistent (2 months) circulation pattern.

The effects on the delayed rainy season onset were more spatially extensive in RCP8.5
(Figure 3.5b), affecting most of Mato Grosso and producing a significant reduction in October
precipitation (Figure S3.3.4d) (>60% reduction, a =0.05). Mato Grosso’s agriculture has
already been demonstrated to be extremely sensitive to deforestation and climate change (Costa
et al., 2019). Other authors have noted rainfall reductions in RCP8.5 combined with
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deforestation (Pires et al., 2016; Sampaio et al., 2021). In RCP2.6, significant (o = 0.05) effects
of deforestation were most extensive at the rainy season onset (Figure 3.5a) but smaller than in
RCP8.5. However, the impacts on total precipitation were mostly non-significant, with

significant changes limited to smaller regions (Figure S3.3.4).

Even the original RCP scenarios, which considered limited deforestation scenarios,
caused a delayed rainy season onset and precipitation reductions for agriculture and land-use
dynamics in the region (Fu et al., 2013; Pires et al., 2016; Costa et al., 2019; Brumatti et al.,
2020). In addition, deforestation itself has been shown to reduce precipitation and delay the
rainy season onset (Lawrence and Vandecar, 2015; Khanna et al., 2017; Leite-Filho et al., 2020;
Leite-Filho et al., 2021). Previous studies have attempted to add the climate effects of global
warming and realistic deforestation linearly (Pires et al., 2016; Brumatti et al., 2020), showing
that both forcings cause effects in the same direction, but without considering the feedback
between them and with the rest of the climate system. Here | have demonstrated that the two
effects (increased CO> and realistic land use), combined with their feedbacks, may promote a
vaster and more persistent impact on rainy season onset (Figure 3.5) and precipitation

reductions due to the long-lasting subsidence anomaly described here.

Along with climate change, deforestation and forest degradation will impact the
Amazon's hydroclimate, ecosystem services, and ecosystem vulnerability. While forest
preservation is an ally to ecosystem services (Strand et al., 2018; Flach et al., 2021; Rattis et
al., 2021), a shorter rainy season enhances ecosystem vulnerability (Gatti et al., 2021) and has

consequences for agriculture and hydropower generation, as discussed below.

The realistic deforestation scenarios explored here incorporate the likely consequences
of the paved road infrastructure that has recently been constructed in the Amazon; this
infrastructure is facilitating agricultural expansion and increasing forest fragmentation
(Rochedo et al., 2018; Strand et al., 2018; Andrade et al., 2021). This deforestation course—
together with rising temperature, increasing vapor pressure deficit, and increasing fires—can
destabilize or even collapse the rainforest ecosystem (Brando et al., 2020; Gatti et al., 2021;
Oliveiraetal., 2022; Xu et al., 2022b). With a shorter rainy season and a vulnerable ecosystem,
the risk to biodiversity preservation increases dramatically (Strand et al., 2018; Boulton et al.,
2022), thus turning forest conservation into a greater challenge (Brando et al., 2020; Gatti et
al., 2021).

Because of the climate feedbacks, agricultural expansion over Amazonia may produce
results opposite from what is expected, that is, leading to lower productivity and instigating
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several negative economic consequences associated with agricultural activities (Costa et al.,
2019; Brumatti et al., 2020; Spera et al., 2020; Leite-Filho et al., 2021; Rattis et al., 2021).
Previous studies that did not consider the persistent effects | have found concluded that
deforestation could cost SA agriculture US$1 billion annually through the mid-century (Leite-
Filho et al., 2021). My results suggest that the impact on agriculture may be even more severe.
Mato Grosso is the most affected region, with the longest delay in the rainy season onset (Figure
S3.3.5) due to the deforestation-induced circulation. Equivalent results from other studies for
the rainy season in Mato Grosso have shown negative impacts for double cropping (Costa et
al., 2019; Zhang et al., 2021), damaging the state’s economy and productivity (Strand et al.,
2018; Spera et al., 2020). Deforestation alone could decrease yield by 20% (Spera et al., 2020).
Combining the effects of deforestation and rising greenhouse gases, but without considering
the positive feedback between them, yield decreases may lead to US$2.8 billion in annual losses
by 2050 (Brumatti et al., 2020). Thus, when considering a persistent circulation that strongly
influences the early rainy season, the losses may be stronger, as calculated below.

Moreover, the Tapajos and the Xingu, Amazon River’s southern tributaries that drain
Mato Grosso, have many hydropower plants in operation, with many others under construction
(Couto et al., 2021; Wasti et al., 2022). Most of these plants use the run-of-the-river concept
(i.e., they incorporate little to no water storage) to reduce dam flooding impacts (Stickler et al.,
2013; Arias et al., 2020; Costa, 2020; Couto et al., 2021). Unfortunately, a run-of-the-river
design is largely susceptible to river discharge seasonality (Arias et al., 2020), i.e., to changes
in the duration of the dry season. A longer dry season and reduced precipitation could
undermine billions of dollars of hydropower infrastructure (Stickler et al., 2013; Arias et al.,
2020; Costa, 2020).

My results suggest a delay in the onset and a reduction in the length of the rainy season
in Amazonia’s Tapajos and Xingu basins (Figure 3.5 and Figure S3.3.6), where most of the
hydropower expansion is planned to happen (Couto et al., 2021). This rainy season behavior
could diminish hydropower generation during the transitional and dry seasons, enhancing
energy insecurity. Future hydropower generation, autonomy, and planning will depend much
more on the presence of trees (Costa, 2020; Wasti et al., 2022), especially in dystopic scenarios

with dry seasons of longer duration.

Using similar deforestation pathways, Strand et al (2018) calculated losses in climate-
related ecosystem services that reach US$1.84 halyear? and US$9 ha?!year! for
hydropower generation and agriculture, respectively. Using these relationships, the WEG
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scenario (1,700 Mha deforested) would translate to losses of US$3.1 billion year™! for
hydropower generation and US$15 billion year™! for agriculture. However, these computations
do not consider the persistent circulation discovered in this work, which may enhance the
duration of the dry season year after year. Considering the changes in the atmospheric
circulation described here, SA could face substantial losses in the agribusiness and hydropower

sectors.

Since the atmosphere—biosphere feedback contributes to most of my results, after the
loss of the rainforest, effects of this feedback would be difficult to reverse. It would require
over a million square kilometers of reforestation to undo them (Baudena et al., 2021,
Tuinenburg et al., 2022), reversing the trajectory of the last 50 years’ events and the predictions
for the next three decades. Additional atmosphere—biosphere feedbacks not considered in this
study could lead to savannization, seasonalization, or even dieback of parts of Amazonia’s
forests (Lovejoy and Nobre, 2018; Boulton et al., 2022), with possibly irreversible
consequences.

3.5. Supplementary Material

3.5.1. Supplementary method
3.5.1.1. Study region

The southern Amazon (SA) is a transition region between humid tropical forest and
Cerrado with a strong agricultural presence, and it covers 30 to 40% of the Amazon biome
(Wrightetal., 2017). In recent decades, SA’s dry season has lengthened (Fu et al., 2013), which
may be related to deforestation impacting the rainy season (Wright et al., 2017; Leite-Filho et
al., 2020). My study defines SA as ranging from 5° S to 15° S latitude and from 66° W to 51° W
longitude; I also include the state of Mato Grosso due to the possible implications of climate
change and the delayed onset of rainfall for agriculture in the state, where a substantial fraction
of Brazil’s soybean, maize and cotton production is located (Abrahdo and Costa, 2018; Brumatti
et al., 2020).

3.5.1.2. Plant Functional Types (PFTSs)

Table S3.1 — CESM Plant Functional Types (PFT) adapted from land use classes in Rochedo
et al. (2018). I used a combination of PFTs with the same fraction as those in Ramankutty and
Foley (1999, RF99) primary vegetation maps.

Rochedo et al. (2018) land use class CESM PFT

Water Ignored

Urban Ignored




Pasture

C4 grasses (PFT 14)

Pasture in protected area

C4 grasses (PFT 14)

Savanna

Primary vegetation (RF99)

Savanna in protected area

Primary vegetation (RF99)

Forest

Primary vegetation (RF99)

Forest in protected area

Primary vegetation (RF99)

Soy Crops (PFT 15)
Sugarcane Crops (PFT 15)
Maize Crops (PFT 15)
Cotton Crops (PFT 15)
Rice Crops (PFT 15)
Wheat Crops (PFT 15)
Dry beans Crops (PFT 15)

Coffee (Arabica)

Crops (PFT 15)

Coffee (Robusta) Crops (PFT 15)
Oranges Crops (PFT 15)
Cassava Crops (PFT 15)
Bananas Crops (PFT 15)
Cocoa Crops (PFT 15)
Tobacco Crops (PFT 15)
Maize (2nd season) Crops (PFT 15)
Dry beans (2nd season) Crops (PFT 15)

Planted forest

Broadleaf evergreen trees (PFT 5)

Soy-Maize Crops (PFT 15)
Soy-Wheat Crops (PFT 15)
Maize-Wheat Crops (PFT 15)
Soy-Dry beans Crops (PFT 15)
Maize-Dry beans Crops (PFT 15)
Dry beans-Dry beans Crops (PFT 15)

78



79

3.5.1.3. Observed rainfall products

Precipitation retrievals consist 1990-2005 period in a daily timestep for three
observation products to describe the regional rainfall behavior: i) The Precipitation Estimation
from Remotely Sensed Information using Artificial Neural Networks—Climate Data Record
(PERSIANN-CDR) uses artificial neural networks to estimate precipitation based on infrared
and images from satellites (Nguyen et al., 2019); ii) The Climate Hazards Group Infrared
Precipitation (CHIRPS) consists of a rainfall station and satellite data along with cold cloud
duration retrievals to estimate precipitation (Funk et al., 2015); iii) The Global Precipitation
Climatology Centre (GPCC) gauge-based product interpolates station observed data to a regular
grid (Schamm et al., 2014). | used these datasets to calculate an average observed precipitation

for September and October to validate the model's monthly mean precipitation.

3.5.1.4. Rainy season onset
| used a modified anomalous accumulation method (Arvor et al., 2014; Abrahao and
Costa, 2018) to calculate the onset of the rainy season (Eg. 1). This method considers a relation

between the daily rainfall (Rn) and a reference value (Rref).
AA (daY) = Zglizal R, — Rref (1)

| used 2.5 mm day ! as Rer, representative of water needs for soybean seedlings. This
method has already been used in several studies in SA and Mato Grosso(Pires et al., 2016;
Abrahao and Costa, 2018; Leite-Filho et al., 2020). Onset values obtained using this method
and this Rrer value were well correlated with soybean planting dates in the region (Zhang et al.,
2021).

| obtained the rainy season onset for all four scenarios. Then, I calculated the anomalies
between the environmental governance scenarios (WEG — SEG) for the averages over the
decade 2040-2050.



Net radiative flux at surface anomaly (W/m2)

Figure S3.1 — Net radiative flux at surface anomalies calculated as WEG — SEG for RCP2.6
(a, ¢, e) and RCP8.5 (b, d, f). Shaded areas indicate results significant at o = 0.05.
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Figure S3.2 — Surface sensible heat flux at surface anomalies calculated as WEG — SEG for
RCP2.6 (a, c, e) and RCP8.5 (b, d, f). Shaded areas indicate results significant at o = 0.05.
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Figure S3.4 — Total precipitation changes calculated as WEG — SEG for RCP2.6 (a, c, ¢) and
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RCP8.5 (b). Shaded areas indicate significant results at a = 0.05.
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General Conclusions

Deforestation significantly impacts cloud dynamics and the hydroclimate system in
tropical regions, leading to a series of effects on the onset and duration of the rainy season.
These impacts are evident in the disruption of cloud processes and the changes observed in
rainfall and rainy season patterns. By integrating plausible deforestation scenarios with climate
change projections, valuable insights into potential economic and ecological losses for the
future were generated. This thesis examines the effects of deforestation and climate change on
hydroclimatic variability in the southern Amazon, highlighting the complex relationships
between land-use changes, atmospheric processes, and seasonal rainfall dynamics. By
encompassing multiple spatial scales and temporal periods, from historical trends to projections
extending into the mid-century, this approach provides a timely and comprehensive

understanding of the region's hydroclimatic processes.

In Chapter 1, | highlighted the critical interplay between deforestation, cloud
dynamics, and the onset of the rainy season on the Amazon, revealing significant impacts at
varying spatial scales and land cover types. My results demonstrate that deforestation reduces
cloud cover at fine scales (11-25 km) and promotes the development of shallower, warmer
clouds, which suppress deep convective cloud formation. These effects persist for nearly two
months during the dry-to-wet season transition, disrupting regional energy and moisture
availability and ultimately delaying the onset of the rainy season. These findings underscore
the profound influence of land-use changes on tropical atmospheric processes and emphasize
the urgent need to incorporate localized deforestation impacts and broader climatic mechanisms

into future climate models.

In Chapter 2, my analysis of rainfall trends in Mato Grosso, combining four decades
of observations with climate simulations under realistic deforestation scenarios, reveals a
concerning decline in rainfall volumes, delayed rainy season onset, and shorter rainy season
durations. Projections suggest further intensifying these patterns by mid-century, with onsets
delayed until late October and rainy seasons lasting less than 200 days. These changes threaten
Mato Grosso’s double-cropping system, highlighting the urgent need for sustainable
agricultural practices and strategic interventions to mitigate agricultural losses and ecosystem
degradation. Mato Grosso faces significant challenges due to ongoing and upcoming climate
change. Previous agricultural and conservation practices are no longer viable, and immediate

action is needed.
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In Chapter 3, | evaluated the effects of mid-century realistic deforestation scenarios on
the rainy season in the southern Amazon and identified a previously unreported synoptic-scale
circulation that delays its onset. Driven by extensive deforestation (around 40%), this
anomalous circulation can persist for up to two months, delaying the rainy season onset by 30—
40 days compared to historical patterns. Similar to other synoptic-scale processes, this
circulation is triggered by differences in surface heating. If current deforestation trends
continue, the associated delays could have irreversible consequences for local ecosystems,

agriculture, and power generation.

This thesis offered a comprehensive assessment of how deforestation and climate
change impact the southern Amazon’s rainy season. By examining local deforestation effects
through historical data and large-scale interactions using Earth system models, the findings
reveal a clear and alarming pattern: deforestation not only delays the onset of the rainy season
but also shortens its duration. These changes disrupt the region’s water cycle, threatening
critical ecosystems, agricultural productivity, and hydropower generation. The compounded
effects of delayed and shortened rainy seasons underscore the urgent need for sustainable land-
use practices and immediate action to mitigate the escalating threats to Amazon’s environment,

society, and economy.

To advance the understanding of the hydroclimatic behavior of the Southern Amazon,

future research should:

e Investigate how deforested regions influence convective energy and its

relationship with the onset and dynamics of the rainy season.

e Explore the atmospheric processes driving convection over deforested areas to

identify key mechanisms behind rainfall suppression and delays.

e Utilize a multimodel approach with realistic land-use and land-cover scenarios

to improve the accuracy of regional climate projections.

e Employ higher-resolution models incorporating realistic deforestation
scenarios to better capture the localized impacts of land-use changes on
hydroclimatic processes. Similarly, the employment of artificial intelligence
modeling might excel the understanding through modeling for the region.
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