Climate Dynamics
https://doi.org/10.1007/500382-023-06835-2

=

Check for
updates

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

Juan Pablo Sierra’ @ - Jhan-Carlo Espinoza’ - Clementine Junquas' - Sly Wongchuig' - Jan Polcher? .
Vincent Moron3#. Lluis Fita® - Paola A. Arias® - Anthony Schrapffer® - Romain Pennel?

Received: 3 August 2022 / Accepted: 17 May 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

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

Keywords Amazon deforestation - Wet season onset - Climate modeling - Land-surface heterogeneities - Atmospheric
circulation

1 Introduction

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

During the last six decades, population growth, agri-
culture and cattle ranching expansion, logging, mining,
as well as road and dam building have led to continuous
deforestation in the Amazon region (Fearnside 1993; Hutyra
et al. 2005; Nepstad et al. 2008; Latrubesse et al. 2017). By
the year 2011, around 87% of the Amazon basin was still
covered by original forest (Davidson et al. 2012) while it
has been reduced to 83% in 2020 (Eiras-Barca et al. 2020;
Souza et al. 2020). Major clearance areas are located in the
southern and eastern parts of the basin conforming the so
called ‘arc of deforestation’ (Malhi et al. 2008; Leite et al.
2011; Davidson et al. 2012). The southern Amazon, which
encompasses between 30 and 40% of the basin, has expe-
rienced one of the most rapid agricultural expansion in the
world (Salazar et al. 2007; Instituto Nacional De Pesquisas
Espaciais 2014). Taking into account that observations and
models estimate that between 24 and 41% of the Amazonian
precipitation originates from local evapotranspiration (Salati
et al. 1979; Eltahir and Bras 1994; Dirmeyer and Brubaker
2007; Van Der Ent et al. 2010; Staal et al. 2018; Dominguez

et al. 2022), deforestation could have profound implications
in the regional hydrology.

The southern Amazonia, defined here as the region
between 5°S—15°S and 70°W-50°W (Fig. 1a, b), is charac-
terized by a strong rainfall annual cycle and a weak evapo-
transpiration seasonality (Fig. 2a, b, respectively), both
driven by the seasonal warming and the establishment of
regional-scale features such as the South American Mon-
soon System (SAMS) (Horel et al. 1989; Figueroa and Nobre
1990; Liebmann and Marengo 2001; Espinoza et al. 2009).
The dry season in the region occurs between June—August,
when rainfall rate is around 1 mm day~' (Fig. 2a). As a
consequence of water and energy limitations, evapotran-
spiration is minimum during these months (Fig. 2b; Juarez
et al. 2007). A rapid precipitation increase from August
to October characterizes the dry-to-wet transition period
(Marengo et al. 2001). At the same time, evapotranspira-
tion rises following the increments in precipitation, incom-
ing solar radiation and net surface radiation (Fig. 2¢ and i;
Myneni et al. 2007), what contributes to preconditioning the
atmosphere for the arrival of the wet season (Li and Fu 2004;
Yin et al. 2014; Wright et al. 2017). Many authors suggest
that the evapotranspiration increase during this period mois-
tens the boundary layer and increases the available poten-
tial energy of the lower troposphere (Fu et al. 1999; Li and
Fu 2004; Li et al. 2006). Cold fronts entering to Amazonia
from the extratropics lift warm and humid surface air over
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Fig. 1 Experiment scenarios: a Control and b Deforested. RegIPSL
simulation domain is shown in the left bottom corner in panel
b. Magenta box shows the southern Amazon region (5°S-15°S,
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70°W-50°W) defined to compute the annual cycle in Fig. 2. Blue and
yellow circles in a and b show the location of the flux towers from
the Large-Scale Biosphere—Atmosphere experiment in the Amazon
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Fig.2 Annual cycle in southern Amazon (see Fig. 1) for: a rainfall
and b evapotranspiration in mm day~!, ¢ incoming shortwave radia-
tion, d outgoing shortwave radiation, e incoming longwave radia-
tion, f outgoing longwave radiation, g sensible heat flux and h latent
heat flux, and i net surface radiation (in W m™2). Cyan and red lines

represent RegIPSL-Control and RegIPSL-Deforested, respectively.
Significant changes (t-test, p<0.05) between RegIPSL-Control and
RegIPSL-Deforested are marked with red dots. Black lines represent
reference datasets CHIRPS and Paca in a—b, and magenta lines repre-
sent reanalysis ERA5-Land in a—i
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the southern Amazon, and trigger deep convection setting
up the wet season onset (Li and Fu 2006; Espinoza et al.
2013). Rainy events associated with cold intrusions during
the early wet season warm the atmosphere through diaba-
tic heating driving the reversal of the cross-equatorial flow
and enhancing advection of moisture laden winds from the
Atlantic Ocean in a positive feedback (Wang and Fu 2002).
As a result, the core of the wet season is observed during
December-February, when precipitation reaches more than
8 mm day~! (Fig. 2a; Marengo et al. 2001; Gan et al. 2004;
Yin et al. 2014).

Drier conditions have been reported over the southern
Amazon in the recent decades in terms of: (1) an increase in
dry days frequency during the dry-to-wet transition period
(Espinoza et al. 2019; Funatsu et al. 2021); (2) an increase
in tree’s mortality and biomass degradation (Brienen et al.
2015); and (3) shorter wet and larger dry seasons since the
1970’s (Phillips et al. 2009; Fu et al. 2013; Debortoli et al.
2015; Arias et al. 2015; Correa et al. 2021). This lengthening
of the dry season is related to multiple causes that include
alterations in the entrance of cold fronts to the Amazon basin
and the latitudinal location of the Southern Hemisphere
subtropical jet (Fu et al. 2013), the Atlantic and Pacific sea
surface temperatures and its inter-annual/decadal variability
(Arias et al. 2015; Marengo et al. 2017), atmospheric cir-
culation changes in the Hadley and Walker cells (Yoon and
Zeng 2010; Barichivich et al. 2018; Agudelo et al. 2019;
Espinoza et al. 2021) and the human-induced influence of
the forest-to-cropland conversion (Butt et al. 2011; Debortoli
et al. 2015; Ruiz-Vasquez et al. 2020). Natural forests over
the region are vulnerable to a lengthening of the dry season
and to reductions in total annual rainfall (Da Silveira Lobo
Sternberg 2001; Sombroek 2001; Staver et al. 2011; Guan
et al. 2015). Indeed, year-to-year variations in the onset of
the wet season affect river flows, fire risk, small-scale agri-
culture, methane emissions due to alterations of the flood
pulse and the inter-annual variability of the global atmos-
pheric CO, concentrations (Cochrane et al. 1999; Asner
2009; Lee et al. 2011; Chen et al. 2011; Molina-Carpio
et al. 2017; Melack et al. 2022). Although in agreement
with observations, coupled biosphere—atmosphere models
suggest a delay in the date of the wet season onset under
deforestation scenarios (Costa and Pires 2010; Boisier et al.
2015; Nobre et al. 2016; Alves et al. 2017; Ruiz-Vasquez
et al. 2020; Commar et al. 2023), these works are limited
by the fact that they are based on the analysis of modeled
parameterized rainfall with coarse horizontal resolutions.

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

A recent study has explored the observed dry season
lengthening over the southern Amazon under a pattern
recognition framework of weather typing or atmospheric
circulation patterns (CPs) approach (Espinoza et al. 2021).
The CPs can be understood as regional-scale circulation
anomalies which are recurrent and correspond to preferred
states of the climate system (Moron et al. 2008, 2015;
Espinoza et al. 2021). Espinoza et al. (2021) explained the
lengthening of the dry season in the southern Amazonia in
terms of an increased frequency of a particular CP linked
to enhanced subsidence over southern tropical South
America and a decreased occurrence of a CP character-
ized by the entry of cold intrusions and convective activity
over the region (Fig. 2 in Espinoza et al. 2021). Taking
into account that wind circulation is usually better repre-
sented by climate models in comparison with precipitation
(Kendon et al. 2012; Flato et al. 2013; Fosser et al. 2015;
Pichelli et al. 2021; Ban et al. 2021), using the circulation
pattern approach results attractive to explore deforestation
experiments with a regional climate model. Therefore, this
study evaluates the impacts of Amazonian deforestation on
the onset and evolution of the rainy season in the southern
Amazon, based on CPs, using a control and a deforested
experiment with the Regional Earth System Model of the
Institute Pierre Simon Laplace (RegIPSL). This work is
organized as follows: the control and deforestation experi-
ments, as well as the data and methods are described in
Sect. 2; Sect. 3 is dedicated to validating the model in
terms of (1) the annual cycle of rainfall and surface fluxes
in the southern Amazon, (2) the regional atmospheric cir-
culation variability through the CPs, and (3) the conditions
in the atmospheric circulation states, rainfall and evapo-
transpiration during the onset of the wet season; we end
the section with a discussion of the role of the land-sur-
face heterogeneities on the development of the wet season
onset; in Sect. 4, we assess the impacts of deforestation on
the evolution of the Amazonian wet season; finally, Sect. 5
discuses and summarizes the main results.
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2 Data and methods
2.1 Model description

RegIPSL (https://gitlab.in2p3.fr/ipsl/Imd/intro/regipsl/
regipsl/-/wikis/home) is an Earth system model that cou-
ples the atmospheric model Weather Research and Fore-
casting Model (WRF), the land surface model ORganising
Carbon and Hydrology In Dynamic EcosystEms (ORCHI-
DEE), and the oceanic model Nucleus for European Mod-
elling of the Ocean (NEMO). The coupling between the
different modules of the model is performed by OASIS-
MCT (Craig et al. 2017) and input/output is done via the
XML-IO-SERVER (XIOS, https://forge.ipsl.jussieu.fr/
ioserver). However, the present work does not use the
oceanic component.

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

Table 1 Characteristics of the WRF simulations

Model version 3.7.1

Horizontal resolution (km) 20

Number of vertical levels 50

Run time step (s) 60

Output time resolution (h) 3

Domain center coordinates 21°6'36"
S 60° 17’
60" W

20 km X 20 km encompassing the South American conti-
nent (Fig. 1a, b). Table 1 summarizes the general configu-
ration of the model.

After different preliminary sensitivity tests (not shown),
the physical parameterizations chosen in this work include
the RRTMG radiation scheme (Iacono et al. 2008), the
Morrison 2-moment scheme for cloud microphysics and
dynamics of water species (Morrison et al. 2009), the Mel-
lor Yamada MYNN level 2 scheme for the planetary bound-
ary and surface layers (Nakanishi and Niino 2006) and the
convection scheme Grell Freitas (Grell and Freitas 2014).
To simulate the effects of land cover change on the interac-
tions between soil/vegetation and the atmosphere, WRF is
coupled with the land surface model ORCHIDEE (Krinner
et al. 2005; Maignan et al. 2011). ORCHIDEE resolves the
processes of the energy and water balances at the surface, as
well as the evolution of the vegetation and the carbon cycle.
In this sense, it represents the vegetation mechanisms that
control the carbon assimilation and determine vegetation
state and its evaporative capacity. Table 2 summarizes the
complete WRF’s set-up.

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

Table 2 Physical configuration
of the WRF simulations

Parameterizations References

Radiation

Cumulus

Planetary boundary layer
Cloud microphysics
Surface layer

Land surface

Longwave-shortwave RRTMG radia-
tion scheme

Tacono et al. (2008)

Grell Freitas scheme Grell and Freitas (2014)

Mellor Yamada MYNN 2 Nakanishi and Niino (2006)
Morrison 2-moment scheme Morrison et al. (2009)
MYNN Scheme Nakanishi and Niino (2006)
ORCHIDEE Krinner et al. (2005)
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variable to nudge in order to improve the representation of
surface temperature, wind and precipitation.

In the present study, each component of the RegIPSL
coupled model and the coupled model itself are initiated in
a different way. For the atmospheric component we perform
a l-year simulation with WRF. The outputs of this simula-
tion are used as a forcing for the spin-up of the off-line land
surface model ORCHIDEE. Due to the slow evolution of soil
dynamics and the strong impact of land surface conditions
on the performance of regional climate models, several stud-
ies suggest the use of an off-line spin-up for the land surface
model (Smith et al. 1994; Cosgrove et al. 2003; de Gon-
calves et al. 2006; Sutton et al. 2006; Case et al. 2008). We
implement an off-line 10-year spin-up for ORCHIDEE based
on the outputs from the 1-year WRF run. Finally, we use
the restarts from the 1-year WRF and 10-year ORCHIDEE
simulations as initial conditions for the regional coupled cli-
mate model for both control and deforestation experiments.
The first coupled year of each experiment is not used and is
considered as the spin-up of the coupled model.

2.2 Description of the experiments

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

On the other hand, the deforested experiment (hereaf-
ter ‘RegIPSL-Deforested’ or ‘RegIPSL-D’) is based on
future projections of Amazonian deforestation developed
by Soares-Filho et al. (2006). In the present study, the
Business-As-Usual (BAU) scenario for the year 2050 was
used (Fig. 1b). This scenario is the result of an empirically-
based modeling study where 1997-2002 deforestation rates
derived from satellite imagery were projected (Soares-
Filho et al. 2006). Additional assumptions include paving
all planned highways, the lack of new protected areas in the
basin, and empirical relationships involving the forest loss
probability and the proximity to roads, rivers and towns,
as well as already deforested patches. This deforestation
scenario is widely used for the assessment of the influence
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of land use changes on the hydrology and climate of the
South American continent (Coe et al. 2009; Swann et al.
2015; Eiras-Barca et al. 2020; Sierra et al. 2021). Despite
the existence of new Amazon deforestation scenarios, the
high spatial resolution, the deep knowledge of the socio-
political dynamics at the regional level on which it is based,
and the geographic extension covered make Soares-Filho
BAU scenario still suitable as a pessimistic deforestation
projection. Among the new databases on Amazon defor-
estation projections are the deforestation scenarios from the
CMIPS project. For its most pessimistic scenario (RCP8.5),
deforestation in the Amazon has been found to be too low,
reaching only 20% total deforestation by 2050 (Pires et al.
2016). Using satellite data, Souza et al. (2020) have reported
deforestation estimations close to this value for 2017 over
the Brazilian Amazon. Another recent study has devel-
oped a series of updated deforestation scenarios based on
local information on recent political and socio-economical
dynamics (Rochedo et al. 2018). However, their deforesta-
tion projections have the limitation of being defined only for
the Brazilian Amazon and not for the entire Amazon basin
as in the case of Soares-Filho.

The BAU data set from Soares-Filho has a 1 kmXx 1 km
horizontal resolution and labels each pixel as forest, defor-
ested or non-forest. Since the ORCHIDEE PFTs maps have a
coarser resolution (20 km X 20 km), all BAU scenario pixels
within each PFTs grid cell were used to calculate the for-
est/deforested ratio. Then, to each PFT pixel in the control
experiment, we impose this calculated ratio to the existent
proportion between the classes ‘tropical broad-leaved ever-
green’ and ‘C3 agriculture’. Our premise is that deforestation
is a change from forest to agricultural crops. In this sense,
we keep unaltered the areas of the rest of land cover classes
and only modify the area covered by forest and crops. Modi-
fications to the PFTs were made for each year in both control
and deforested experiments.

2.3 Reference datasets

In order to assess the model performance, we use rainfall,
evapotranspiration and surface energy variables such as
incoming/outgoing shortwave and longwave radiation, sen-
sible/latent heat fluxes and surface net radiation obtained
from ERAS5-Land (Muiioz-Sabater et al. 2021). This data
set is the product of numerical integrations of the ECMWF
land surface model forced with the downscaled atmos-
pheric forcing from ERAS reanalysis. ERAS5-Land has an
enhanced horizontal resolution of ~9 km X9 km at hourly
scales, with data available from 1950 to present. ERA5-Land
presents improvements in latent heat fluxes, Bowen ratio,
skin temperature and soil moisture with respect to ERAS
(Mufioz-Sabater et al. 2021). To compare the model sur-
face fluxes against in-situ measurements at a local scale,
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we use flux tower measurements from the Large-Scale Bio-
sphere—Atmosphere Experiment in the Amazon (LBA) pro-
ject (Saleska et al. 2013). The LBA project was an interna-
tional project initiated in 1998 as a scientific effort to better
understand, among other questions, the effects of land use
changes in the Amazon on the regional climate. Two sta-
tions located inside our region of interest, the southern Ama-
zon (5°S-15°S, 70°W-50°W, magenta box in Fig. la, b),
were selected from the LBA data base. Located at 10.75° S,
62.35° W, and 306 m a.s.l., the station Fazenda Nossa Sen-
hora de Aparecida (blue circle labeled as ‘FNS’ in Fig. 1a,
b), corresponds to a cattle ranch over a deforested area.
Additionally, the station Rondonia Jaru Biological Reserve
is located at 191 m a.s.1., 10.08° S, 61.93° W (yellow circle
labeled as ‘RJA’ in Fig. 1a, b). This station is located inside
a natural reserve created by the Brazilian government in the
1960’s. These stations present daily record of surface energy
and water fluxes for the period 1999-2002. However, only
the years 2001 and 2002 that overlap in time with our simu-
lations are used. This dataset is available at https://daac.ornl.
gov/LBA/guides/CD32_Brazil_Flux_Network.html (last
access July 2022).

We use rainfall information from the Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS)
data set version 2 (Funk et al. 2015). Developed by the
United States Geological Survey (USGS) and the Earth
Resources Observation and Science (EROS), this data set is
the result of a combination between satellite measurements,
rain gauges data and interpolation techniques. Its high spa-
tial and temporal resolutions (5 km X 5 km and daily data,
respectively), as well as its long record period from 1981
to 2020, makes this data set suitable to analyze the precip-
itation-atmospheric flow regime relationship at high tem-
poral frequencies. When compared against rain gauges and
in situ discharge measurements, CHIRPS exhibits a good
representation of Amazon hydrology (Wongchuig Correa
et al. 2017; Haghtalab et al. 2020). Therefore, this database
is widely used to study the rainfall variability over tropical
South America (e.g. Paccini et al. 2018; Cerén et al. 2020;
Arias et al. 2020; Funatsu et al. 2021). The dataset is avail-
able at https://data.chc.ucsb.edu/products/CHIRPS-2.0/ (last
access July 2022).

In order to evaluate the actual evapotranspiration in the
southern Amazon, we use the data base developed by Paca
et al. (2019), hereafter called ‘Paca’. By merging several
global remote sensing evapotranspiration products, this data
set presents a high resolution (250 m x 250 m) description
of the spatial variability within the Amazon basin. Monthly
values are provided for the 2003-2013 period and are avail-
able at www.wateraccounting.org (last access July 2022).
Validated against flux tower measurements from the LBA
project, this dataset captures the observed spatial and tempo-
ral evapotranspiration variability at monthly and inter-annual

scales (Paca et al. 2019). Since there are significant discrep-
ancies among evapotranspiration datasets that reflect the
uncertainties in evapotranspiration estimations (Maeda et al.
2017; Sorensson and Ruscica 2018; Fassoni-Andrade et al.
2021), the use of a data based on different products is a way
of dealing with the inter-product uncertainty. A more com-
plete validation of the representation of evapotranspiration
annual mean and annual cycle by RegIPSL model can be
found in Wongchuig et al. (2023; submitted to Journal of
Hydrology).

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

The definition of the CPs is based on unfiltered daily meridi-
onal and zonal wind components at 850 hPa over the region
10°N-30°S, 90°W-30°W. Adding other variables in the
CP’s definition (such as temperature, rainfall or geopotential
height) increases the computation cost and does not improve
the classification of the atmospheric states related to precipi-
tation (Espinoza et al. 2012). Horizontal winds at 850 hPa
have proven to be suitable for the description of the main
atmospheric circulation phenomena in tropical South Amer-
ica, such as the easterly winds, the southern regimes or ‘cold
surges’, the South American Low-level Jet (SALLJ), among
others (Paccini et al. 2018). In addition, winds at 850 hPa
(around 1500 m of altitude) are most of the time located
within the Planetary Boundary Layer (PBL) and, therefore,
should not be affected by the imposed large-scale nudging
in our model experiments. As a first step, horizontal winds
are standardized using the long-term mean and standard
deviation at each grid-cell so keeping all the time variations
including the seasonal cycle. In order to accelerate computa-
tions and to retain only the main variability modes, we apply
principal component analysis over standardized winds from
ERAS, RegIPSL-Control and RegIPSL-Deforested indepen-
dently. The principal component approach has been used in
previous studies to filter out the smallest spatial scales of the
regional-scale atmosphere’s phase space (Moron et al. 2008,
2015; Olmo et al. 2022). We use the 30 leading principal
components, which explain 78% and 73% of the total vari-
ability for ERAS and RegIPSL-Control/Deforested, respec-
tively, to identify the CPs using the k-means methodology.
K-means is a dynamical clustering procedure that looks
for classifying data into k clusters in an n-dimensional
subspace, in this case, spanned by the 30 leading principal
components. The k clusters are selected by recursive itera-
tions that seek to minimize the sum of variance between
points belonging to the same cluster (Diday and Simon
1976). Defining the number of groups or clusters to be
used is a key question in clustering analysis. Different
indices have been designed in order to find the optimal
number of clusters, all of them sharing the basic principle:
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identifying the number of clusters with greatest similar-
ity between the members of a cluster and with the high-
est inter-cluster difference (Calinski and Harabasz 1974,
Michelangeli et al. 1995). Previous studies have demon-
strated that a number of 9 CPs are appropriated to repre-
sent the main stages of the annual regional-scale circu-
lation in northern South America (da Anunciagdo et al.
2014; Paccini et al. 2018; Espinoza et al. 2021). Following
Espinoza et al. (2021), we define 9 clusters to summarize
the regional atmospheric variability, considering all times
scales from daily to decadal. In this sense, the 6935 days
of our interest period 2001-2019 are classified in 9 groups
or CPs. The assignment of each day to a particular CP is,
up to a certain point, dependent to the k-means methodol-
ogy, specifically to initial cluster centroids used for start-
ing the classification or ‘initialization’ (Michelangeli et al.
1995). For this reason, 1000 reclassifications of the 6935-
day time series were performed independently for ERAS,
RegIPSL-Control and RegIPSL-Deforested using random
initial seeds on each day-classification. For most of the
analysis in the present work, we use a particular classifi-
cation using a smart way to select the initial cluster cent-
ers in order to speed up the convergence (Pedregosa et al.
2011). However, for the assessment of changes in the CPs
annual cycle frequency in Sect. 4, we use the 1000 clas-
sifications in order to evaluate whether the signal induced
by deforestation is consistent and independent of the sta-
tistical classification method. Finally, composite analysis
of interest variables (such as rainfall or evapotranspiration)
is carried out over the days belonging to each CP.

2.5 Definition of the wet season onset
in the southern Amazon

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

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

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

On the other hand, following Olmo et al. (2022), the rep-
resentation of the CP frequencies of occurrence is analyzed
with an error metric that quantifies the absolute difference
between the climatological daily frequencies in the reanaly-
sis and model outputs (Eq. 1). This metric is computed for
each CP and can be estimated as:

i1 [FERAS cp, — fRegIPSLcy,
D

ey

Errorcp =

where D is the total number of days during the evaluated
season. A special attention is paid to the dry-to-wet tran-
sition (July—-November). In this period D corresponds to
153 days. Then, i is an index for dates varying between July
Ist and November 31st. fERA5.p and fRegIPSLp are the
number of days corresponding to a specific CP for the date
i in the whole 2001-2019 period for ERAS and RegIPSL
respectively. For example, for i corresponding to July 1st,
and analyzing the representation of the CP T1, fERAS:p
represents the number of times that T1 is observed on this
particular date in the whole 19-year period. A similar inter-
pretation applies for fRegIPSLcp .

3 Model validation

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

The seasonality of precipitation over the southern Ama-
zon is well represented by RegIPSL-Control, with rainfall
maxima during December—February according to observa-
tions as described in Sect. 1 (cyan line in Fig. 2a). During
this season, the model underestimates the rainfall rates by
about — 20% (— 2.4 mm day_l) with respect to CHIRPS
and ERAS5-Land. On the contrary, precipitation minimum is
simulated and observed in June—August, with an overestima-
tion of about 4+ 120% (+0.46 mm day~') in this particular
season. As a consequence, the steep rainfall switch in both
dry-to-wet and wet-to-dry transition periods is weaker in
RegIPSL-Control than in CHIRPS and ERAS5-Land. For
example, during the dry-to-wet transition between Septem-
ber 1st and November 1st, mean rainfall increases at a rate
of 2.50 mm day~' per month in CHIRPS, and only about half
of this value (1.21 mm day~' per month) in the model. Nev-
ertheless, since our study focuses on atmospheric circula-
tion patterns for characterizing the wet season onset instead
on rainfall, particular emphasis will be placed on biases on
wind circulation of the model (Sect. 3.2).

The mean evapotranspiration annual cycle is well rep-
resented by RegIPSL-Control compared with Paca and
ERAS5-Land estimates, with maximum and minimum
fluxes during the wet and dry seasons respectively (cyan
line in Fig. 2b). RegIPSL does not capture the bimodal
regime observed in Paca et al. (2019), although it repre-
sents a small peak in October when maximum incoming
solar and net surface radiation are simulated (Fig. 2c and
i). Additionally, the general amplitude of the seasonal cycle
is higher in RegIPSL-Control, ranging between 2.67 and
4.27 mm day_l, compared to Paca et al. (2019), with values
between 3.15 and 4.25 mm day~!. Similar to RegIPSL-Con-
trol, evapotranspiration in ERAS5-Land varies between 2.34
and 3.85 mm day~!. Differences among evapotranspiration
data sets have been reported by previous works and reflect
the uncertainty, the lack of data and the need of a better-
understanding of the vegetation evaporative capacity in the
Amazon basin and in the tropics in general (Maeda et al.
2017; Sorensson and Ruscica 2018; Fassoni-Andrade et al.
2021). A more complete assessment of the representation of
evapotranspiration by RegIPSL can be found in Wongchuig
et al. (2023; submitted to Journal of Hydrology).

On the other hand, RegIPSL-Control shows a realis-
tic representation of the seasonal cycle of incoming and
reflected solar radiation fluxes (cyan line in Fig. 2c—d). The
incoming solar radiation is overestimated in about+30 W
m~2 or + 12% along the year. This error is probably caused
by an underestimation of the cloud cover. Less clouds in
the model outputs are also linked with a drier atmos-
phere which radiates less energy to the ground, causing

an underestimation of the incoming longwave radiation
(Fig. 2e). A little lag in the peak of the incoming solar radia-
tion is part of the model outputs. While maximum incoming
solar radiation occurs in the middle of September in ERAS-
Land, it is located in October in RegIPSL-Control. Since
this is energy flux is the only energy input to the surface that
exhibits a delay, we hypothesize that this bias is related to
the slightly lagged peak in outgoing longwave radiation and
sensible heat (Fig. 2f—g). The possible mechanism behind
this bias could be related again to problems in the represen-
tation of clouds. Cloudiness could be larger in RegIPSL in
September than in October, in contrast to ERAS5, what can
cause an underestimation (overestimation) of the incoming
solar radiation during September (October). On the other
hand, although more energy reaches the ground in terms of
solar radiation, the underestimation of the incoming long-
wave radiation and the overestimation of the outgoing long-
wave flux help to balance the energy budget and, at the end,
the net surface radiation is well represented in seasonality
and magnitude. However, an overestimation by RegIPSL-
Control is observed during the dry-to-wet and wet seasons
in the net surface radiation (Fig. 2i). The overestimation of
surface energy fluxes, especially net surface radiation and
sensible heat flux seems to be a systematic error in WRF
over the Amazon basin regardless of the model configuration
(Wang et al. 2021).

Although our main interest is the southern Amazo-
nia as a whole region, the model validation up to now is
strongly based on a model to model comparison. For this
reason, we also analyze the representation of surface fluxes
at a more local scale using the selected flux towers from
the LBA project, located over one forested and one defor-
ested site (Fig. la, b). The distance between the two LBA
stations is 87 km. Thereby, we use a surrounding area of
100 km X 100 km (5 x5 grid cells) encompassing the meas-
urements sites for surface fluxes from RegIPSL-Control
outputs. Then, we select grids with forest or cropland frac-
tional areas higher than 70%, in order to compare the model
against the forested and deforested LBA sites for the years
2001-2002. The results of this analysis are shown in Figure
S1 and reflect the same model biases observed at a regional
scale described previously (except for rainfall). At local
scale, RegIPSL-Control and observations present the same
rainfall seasonality, with a wet season in December-May and
a dry season in June—August. However, the model exhibits
a strong rainfall overestimation during the wet season over
forested and deforested areas (Fig. Sla, b). Similar to the
behavior exposed by Paca et al. (2019) at a more regional
scale, evapotranspiration shows little seasonality with fluc-
tuations around the 2.5 mm day~' and 3 mm day~! over
the forest and pasture LBA sites, respectively (Fig. Slc,
d). Higher precipitation rates in RegIPSL-Control causes
an evapotranspiration overestimation between January and
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May. Evapotranspiration overestimation is higher over crop-
lands in the model outputs. Nevertheless, the model is able
to represent the weak seasonality of this surface water flux
along the year. Most of the surface energy variables are real-
istically represented in terms of magnitude and seasonality
(Fig. Sle-n). However, RegIPSL-Control overestimates the
incoming solar radiation between August to November, with
a slightly higher bias over the forest site (Fig. S1f). As a
consequence, the model also overestimates the outgoing or
reflected solar radiation over the forest site (Fig. S1h). In
addition, the model slightly underestimates (overestimates)
the incoming (outgoing) longwave radiation flux along the
year over both areas in a similar way to the regional analysis
shown previously (Fig. S1i-1). Nevertheless, in the same
way that at regional scale, these errors compensate each
other, and the net surface radiation is well represented by
the model (Fig. S1m, n).

3.2 Main circulation patterns (CPs) in tropical South
America

In this sub-section, we show if the model is able to capture
the dominant modes of the regional circulation variability
over tropical South America. The regional atmospheric cir-
culation variability is summarized through 9 CPs that can be
understood as preferred states of the regional climatic sys-
tem (Figs. 3 and 4). As described by Espinoza et al. (2021),
there is a clear seasonal cycle in the relative CPs frequency
(Fig. 3). We identify 3 CPs with major activity during austral
summer, corresponding to the wet season in the southern
Amazon, labeled as W1-W2-W3 (blue colors), 3 austral
winter CPs with usual dry conditions and largest frequencies
in June—August, labeled D1-D2-D3 (orange-red colors),
and 3 transitional CPs characterizing mostly the dry-to-wet
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transition T2y, (dark green), the wet-to-dry shift T3y
(yellow) and a CP that occurs in both transitional periods
T1 (green color). Table 3 summarizes the main features of
the circulation and rainfall anomalies associated with each
atmospheric state or CP. A more exhaustive description of
the CPs low-level circulation and atmospheric mechanisms
is presented by Espinoza et al. (2021).

As seen in Fig. 3b, RegIPSL-Control is able to properly
represent the relative CP’s frequency along the year even if
the classification is done independently from ERAS. Differ-
ences in the CP’s frequency during the dry-to-wet transition
period (July-November) between ERAS and RegIPSL-Con-
trol are quite small and do not surpass + 1 day of mean error
(Table S1). It is interesting to note that higher frequency
errors are presented during the transition CPs T1 and T2y,
Similar results were reported recently by Olmo et al. (2022)
for the representation of the same transitional CPs by last
generation global climate models.

Figure 4 shows low-level horizontal wind and rainfall
anomalies (vs the annual mean) for each CP according to
RegIPSL-Control. A direct comparison with ERAS5/CHIRPS
composites (Fig. S2), as well as the Taylor diagrams analysis
(Fig. S3), allows us to conclude that RegIPSL-Control cap-
tures well the spatial structure of wind and rainfall patterns
associated with all CPs. Indeed, spatial correlations for the
CP composites with respect to reference datasets are signifi-
cantly high (> 0.78) as seen in the Taylor diagrams in Fig.
S3. Precipitation is the variable with the lowest spatial corre-
lations, mainly during the transition CPs T1 and T2y, (0.79
and 0.81, respectively; Fig. S3a). The spatial distribution of
horizontal winds at 850 hPa is well represented by the model
for all circulation patterns (spatial correlation > 0.95; Fig.
S3b, ¢), except for the meridional component of D2. This
particular CP presents a strong meridional component of

RegIPSL -C
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Fig.3 Relative mean daily frequency of the 9 circulation patterns
(CPs) defined from the k-means clustering analysis for: a ERAS, and
b RegIPSL-Control (RegIPSL-C). The horizontal axis represents the
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period 2001-2019
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the k-means clustering analysis using RegIPSL-Control outputs.

the wind that characterizes the entry of the so called ‘cold
fronts’ into tropical South America coming from the south-
ern part of the continent (see Table 3). For this reason, this
CP is more sensitive to the representation of the meridi-
onal wind. In order to better explore the biases in RegIPSL
outputs, we compute the differences in low-level winds and
rainfall with respect to ERAS and CHIRPS as seen in Fig. 5.

In general, rainfall composite differences between
RegIPSL-Control and CHIRPS are rather constant across
the transitional and wet season CPs (Fig. 5). The model
exhibits lower precipitation rates over Colombia and Ecua-
dor while overestimates it in northeastern Amazonia and
northern Brazil (Fig. 5). Rainfall is also underestimated by
RegIPSL-Control over the South Eastern South America
region (SESA, defined as the continental area east of the
Andes below 23°S) during T1, W2 and D3 events. These
circulation patterns are very related with the activity of the
SALLJ (see Table 3) which suggests a bad representation of

Rainfall (shaded) is in percentage respect to the inter-annual mean
and horizontal winds at 850 hPa (vectors) are adimensional. Magenta
box shows the southern Amazon (5°S-15°S, 70°W-50°W)

the link between rainfall and the SALLJ circulation in La
Plata basin. Recent works demonstrate that adding the rep-
resentation of floodplains to the RegIPSL model can result
in a better representation of precipitation and the moisture
transport by the SALLJ in La Plata basin (Schrapffer 2022).
In the same way, precipitation biases are similar among the
wet season CPs. While less rainfall is simulated over the
central Amazon and the Guianas, higher rainfall is simulated
over the eastern Brazil.

Wind differences between RegIPSL-Control and ERA5S
in tropical South America are higher for the dry and transi-
tion season CPs (Fig. 5). For CPs T1, T3y, and D2, the
spatial distribution of wind differences between RegIPSL-
Control and ERAS are very similar to their mean patterns
shown in Fig. 4. This implies that the model presents a
stronger regional circulation and overestimates the 850 hPa
winds over the entire region on these particular meteoro-
logical conditions. T3y and T2y, present no statistically
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Fig.5 Rainfall and 850 hPa horizontal wind anomalies composites
differences RegISPL-Control minus ERAS5/CHIRPS for the 9 circu-
lation patterns (CPs) defined from the k-means clustering analysis.
Rainfall differences (shaded) are in mm day_l and horizontal winds

significant wind differences with respect to ERAS despite
their relatively high wind differences (Fig. 5) which sug-
gests a large low-level wind variability during these particu-
lar transitional atmospheric patterns. A stronger low-level
circulation during the dry and dry-to-wet transition seasons
in RegIPSL could be related to a high model sensitivity to
the external synoptic signal from ERAS5 boundary forcing.
Indeed, D1 and D3 display stronger southward winds blow-
ing from southwestern Amazon toward the La Plata basin
in RegIPSL-Control. Contrary to winter CPs, summer CPs
(W1-W2-W3) present little wind differences with respect
to ERAS.

3.3 Wet season onset characteristics in terms of CPs

This subsection analyzes the conditions in the atmospheric
circulation states, rainfall and evapotranspiration during the

80°W  70°W  60°W  50°W  40°W  30°W

mm/day

at 850 hPa (vectors) are in m s™'. Only significant rainfall differences
are shown (t-test, p<0.05). Green vectors represent significant wind
differences (t-test, p<0.05)

preceding and subsequent days of the wet season onset in
reanalysis dataset and RegIPSL-Control.

Figure 6a shows the evolution of CP frequency through-
out the development of the wet season onset (defined in
Sect. 2.5). Around 90 days before the onset, nearly 80% of
the days are under winter or dry conditions (D1, D2 and
D3), according to ERAS. Precipitation in southern Amazo-
nia (see Fig. 1a, b for the location) is almost zero before the
day — 90 (i.e. 90 days before the wet season onset), whereas
evapotranspiration is near its minimum (Fig. 6¢, d). After
the day — 80, dry season CPs start to be less frequent and
are replaced by T3y, and mainly by T2y, (Fig. 6a). In this
sense, by the day — 75, dry season CPs occur 80% of the
time while transitional regimes T3y, and T2y, are not
observed. Nonetheless, after 25 days (by the day — 50), dry
season and transitional CPs occur 61% and 12% of the time,
respectively. At the same time, rainfall and evapotranspi-
ration begin to increase (Fig. 6¢, d). Consistent with our
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Fig. 6 Composite time series
of: a and b relative frequency
of circulation patterns from

a ERA5 b RegIPSL-Control,
taking as a reference the date of
the wet season onset in southern
Amazonia (day 0); ¢ rainfall
and d evapotranspiration for
reference datasets in black solid
lines (CHIRPS for rainfall, and
ERAS-Land for evapotranspi-
ration) and RegIPSL-Control
(cyan solid lines) in mm day~".
The x-axis represents the time,
with negative (positive) values
for days before (after) the onset.
Gray and cyan envelopes rep-
resent the standard deviation at
inter-annual scale for reference
datasets and RegIPSL, respec-
tively. Black and magenta lines
in a and b enclose the dry and
wet season CPs respectively
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results, previous works locate the end of the dry and the
beginning of the dry-to-wet transition season about 90 days
before the onset, when the atmosphere starts to moisten
and the lower troposphere begins to gain (reduce) available
potential energy (the convective inhibition) (Fu et al. 1999;
Li and Fu 2004; Wright et al. 2017). The incoming solar
radiation increases rapidly until the day — 60, and then a
slower increment is sustained until its maximum in the day
— 25 for ERAS5-Land (not shown). It is precisely after the
day — 25 when the steep evapotranspiration increment flat-
tens out slightly in ERAS-Land (Fig. 6d). Thus, because
of the combination of positive incoming solar radiation
anomalies over the southern Amazon (related to a higher
frequency of T1, T2py and D3; not shown) and positive
precipitation anomalies (linked to the presence of T2py
during this period; see Fig. 4) there is a rapid evapotran-
spiration increase between days — 60 and — 25. The role of
the solar radiation on the rainforest’s response in terms of
evapotranspiration during the transition from dry to wet sea-
son is reported in observational-based works (Myneni et al.
2007). On the other hand, precipitation presents a stronger
increase between the days — 60 and 0, when T2y, starts to
be more frequent during this period. Wright et al. (2017)
find a rainfall and evapotranspiration increase between 60 to
30 days before the onset in consistency with our results. A
peak in the frequency of T2y (64%) is observed precisely
at the onset of the wet season (pentad 0; Fig. 6a). Previous
studies demonstrate the relationship between the variability
of the Amazonian wet season onset and the frequency of
T2pw (Espinoza et al. 2021). In fact, our T2y, looks very
similar to circulation anomalies registered by early works
during the wet season onset in the southeastern Amazon,
with enhanced trade winds in the Atlantic, southern wind
intrusion in the Amazon and more rainfall in central and
southern parts of the basin (see Figs. 10, 11 of Marengo
et al. 2001). According to Wright et al. (2017), the last
30 days before the onset mark a shift from shallow to deep
convection. During this period, CP W1, W2 and W3 begin to
appear and develop deep convection in the region (Fig. 6a).
Five days after the SAMS onset, summer or wet season CPs
are observed during ~20% of the time and by the day + 50,
they occur 80% of the time (about 60% is occupied by the
presence of the SACZ-SALLJ dipole corresponding to the
W1-W2 co-existence).

The model shows a realistic development of the different
characteristics of the wet season onset (Fig. 6b—d). However,
there are some differences in the simulated development of
the wet season in RegIPSL-Control. The model exhibits an
early retreat of the dry or winter circulation patterns around
the day — 105, and consequently, an early development of
the transitional CP T2py,. While in ERAS5, around the day
— 95, dry season CPs (D1-D2-D3) account for 80% of
total frequency, in the model these atmospheric wintertime

regimes account for only 62%. Likewise, at this time, the
transitional CP T2y, is absent in the reanalysis but in the
model, it is observed prematurely 8% of the time. Similarly,
the evapotranspiration and rainfall start to increase around
20 days in RegIPSL-Control before the reference data sets
(Fig. 6¢, d). Consistently, wet season circulation patterns
W1-W2-W3 start to appear also 20 days early in the model
simulation. However, similarly to ERAS, the model exhibits
the major activity of CP T2, around the onset date (day 0),
with a 62% of frequency.

One limitation of the previous rainfall and evapotran-
spiration analysis is the homogenization of meteorological
variables through spatially averaging over a big area. The
southern Amazon is characterized by the juxtaposition of
rainforest trees and croplands/grasslands. These land surface
heterogeneities are determinant for triggering mesoscale cir-
culations and for defining the nature of convective activity,
cloudiness and atmospheric stability in this particular region
(Cutrim et al. 1995; Silva Dias and Regnie 1996; Souza et al.
2000; Wang et al. 2009). The land cover effect is particularly
important during the dry and dry-to-wet transition seasons,
when the extratropical cold surges are less frequent and the
atmosphere is more stable (Siqueira and Toledo Machado
2004; Wang et al. 2009). Therefore, understanding the evolu-
tion of surface fluxes and atmospheric variables over the dif-
ferent land covers is crucial for disentangling their differenti-
ated contribution on the beginning of the wet season onset.

3.4 Wet season onset characteristics over forest
and croplands/grasslands

After a validation of the representation of atmospheric cir-
culation states, rainfall and evapotranspiration along the
development of the wet season by RegIPSL-Control (see
Sect. 3.3), in this section we evaluate the evolution of sur-
face and atmospheric characteristics over different land cov-
ers in the region. To this end, we identify and select the
areas within the southern Amazonia (see Fig. 1a for loca-
tion) where forest or croplands/grasslands are the dominant
vegetation type. Pixels labeled as ‘forest’ present a fractional
area higher than 60% covered by the “Tropical Broadleaf
Evergreen’ category. Similarly, pixels labeled as ‘cropland/
grassland’ correspond to a 60% or more of fractional area
covered by the categories ‘Temperate Natural Grassland’,
‘Natural Grassland’ and ‘C3-C4 Crops’. We compute spa-
tial averages for meteorological variables over forest and
cropland/grassland areas separately, as well as composites
for the preceding and subsequent days of the rainy season
onset (Figs. 7 and S4).

Although the general temporal evolution for most of the
variables is similar between forest and crop/grass, there are
significant differences in magnitude mainly before the onset
of the rainy season. Since forest covers around 92% of the
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Fig.7 Composite time series of: a precipitation (mm day™'), b
evapotranspiration (mm day‘l), ¢ sensible heat flux (W m™2), d net
radiation (W m~2), e Bowen ratio (adimensional), f Planetary Bound-
ary Layer (PBL) height (m) over the total southern Amazon, forest
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ard deviation or inter-annual variability for each land cover. Vertical
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Fig.7 (continued)

southern Amazon total area, the magnitude and temporal
pattern between averages over the forest area and over the
total area (green and blue lines in Fig. 7, respectively) are
very similar for all the analyzed variables. Reduced pre-
cipitation is observed over croplands/grasslands during
the whole period but only significant before the day — 25
(Fig. 7a), when wet season CPs W1-W?2 start to occur in the
model outputs (Fig. 6b). In agreement with in-situ observa-
tions, evapotranspiration in the control experiment over for-
est areas is higher than croplands/grasslands during the dry
season due to the greater access of forest roots to deep soil
water (Wright et al. 1992; Sommer et al. 2002; von Randow
et al. 2004). After the arrival of the first rainy events before
the onset (between days — 80 to — 50), cropland/grassland
evapotranspiration increases rapidly after the atmospheric
water input (Fig. 7b). This fast evapotranspiration response
after rainy events has been described previously in in-situ
measurements from the African Monsoon Multidisciplinary
Analysis (Lohou et al. 2014). According to these authors,
evapotranspiration speed response is dependent on the soil
water content during the previous days in an inverse rela-
tion, where for drier soils there is a faster response (Lohou
et al. 2014). However, after the beginning of the rainy season
(day 0) and with the occurrence of wet season CPs, which
present positive rainfall anomalies broadly in the region, we
observe no difference in the evapotranspiration flux between
forest and crop/grass (Fig. 7b). Little difference between

J Vertical Velocity Forest-Crop/Grass

.

T
—0.0020 0.0015-0.0010 —0.0005 0.0 0.0005 0.0010 0.0015 0.0020

m/s

evapotranspiration rates over forested and non-forested areas
was observed in the Brazilian state of Rondonia during the
wet season using MODIS16 in agreement with our results
(da Silva et al. 2019).

Sensible heat increases from days — 120 to — 30, reaching
its maximum 30 days before the onset and decreasing later
in both forest and croplands/grasslands (Fig. 7c). However,
croplands/grasslands exhibit significant higher values before
the onset in about~ +25 W m™2, what has been reported in
observations and climate model simulations (Shukla et al.
1990; Polcher and Laval 1994; Gash and Nobre 1997; Fisch
et al. 2004; von Randow et al. 2004; Eiras-Barca et al. 2020).
Similarly, the net radiation peaks at the day — 30 (Fig. 7d)
indistinctly for forests and croplands/grasslands, follow-
ing the temporal evolution of the incoming solar radiation
(Fig. S4a). Nevertheless, crop/grass areas have a reduced
net surface radiation (~— 10 W m~2) in the pre-onset period
as a consequence of the enhanced loss of energy from the
reflected solar radiation (albedo effect) and the decreased
energy entry from the incoming longwave radiation due to a
drier atmosphere (Figs. 7d and S4b, c). These deforestation-
induced alterations in the surface energy balance have been
widely studied and described by previous works (Fig. 7b;
Eltahir 1996; Gash and Nobre 1997; Claussen et al. 2001;
Berbet and Costa 2003; von Randow et al. 2004). Due to
the increased sensible heat flux and the reduced evapotran-
spiration over crop/grass areas, the Bowen ratio (which
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corresponds to the ratio between sensible and latent heat
fluxes) is higher than over forest areas before the onset
(Fig. 7e). It is interesting to note that the Bowen ratio over
forest is always less than 1, which reflects the dominant role
of the latent heat flux in the surface energy partition during
the entire period. Otherwise, croplands/grasslands present
a Bowen ratio higher than 1 until the day — 20, when the
increment in rainfall and evapotranspiration reach their max-
imum rates and when wet season CPs start to be frequent
(Figs. 6b and 7a—e). At the rainy season onset, crop/grass
and forest present a similar Bowen ratio (Fig. 7e). Although
the differences is not significant, the Planetary Boundary
Layer (PBL) height is higher over croplands before the onset
(Fig. 7f) in response to the increased sensible heat flux and
a warming of the low-level troposphere (Fig. S4e—f; Fisch
et al. 2004). Consistently with other variables, croplands/
grasslands and forest present a similar PBL height after the
establishment of the wet season (Fig. 7).

During the first part of the pre-onset period (days — 120
to — 60), the vertically integrated moisture divergence is
similar over croplands/grasslands and forests (not shown).
Therefore, the low troposphere (below 800 hPa) is moister
over forested areas (Fig. 7g—h) due to the higher forest
evapotranspiration rates shown in Fig. 7b. After the day
— 50, the combined effect of increased evapotranspiration
by croplands/grasslands and the beginning of the regional-
scale atmospheric moisture convergence (not shown),
which is related to less frequent dry season CPs D1-D2-D3
(Fig. 6b), reduce the gap between forests and pastures in the
atmospheric moisture content (Fig. 7h). It is interesting to
note the moister air observed over croplands/grasslands at
600-775 hPa for the entire period, with a peak around the
day — 30. At the local scale, this forest-crop/grass difference
can be explained by the increased moisture removal linked
to higher precipitation in forested areas, and by the vertical
moisture advection from the surface to the mid-troposphere
caused by the intensification of the vertical wind over crops
(Fig. 71, j). However, horizontal moisture advection at these
particular levels could also play a role in the forest-crop/
grass atmospheric moisture difference.

A shallow ascending motion is simulated over croplands/
grasslands by RegIPSL-Control between days — 120 to — 50
(Fig. 71, j). Weaker vertical upward wind is observed over
forested areas but confined in the 900-700 hPa layer. This
stronger surface ascending motion over croplands/grass-
lands seems to be related with the warming of the lower
troposphere (Fig. S4e, f), caused by higher sensible heat
flux and the lower specific heat capacity of the drier air over
these areas. A smaller Convective Inhibition Energy (CINE)
over croplands/grasslands during the morning and noon also
facilitates the air ascension (not shown). During the same
period (days — 120 to — 50), it is also observed a strong sub-
sidence above the 750 hPa linked to the dominant presence
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of the dry season CPs (Figs. 6b and 7i; Espinoza et al. 2021).
This large-scale circulation forcing inhibits the development
of convective activity triggered by the local signal. Only
until the day — 50, the locally forced ascension can sur-
pass the regional subsidence and generate deep convection,
mainly over forest areas (Fig. 7i, j). Although by this time,
the vertical component of the wind is higher over croplands
below the 700 hPa level, convection is stronger above this
level over forested areas as a consequence of a higher Con-
vective Available Potential Energy (CAPE) during the pre-
onset period (not shown). Higher CAPE over forested areas
is a consequence of a wetter atmosphere, which increases the
equivalent potential temperature over the lower atmospheric
levels and its vertical gradient (Fig. S4g, h). Higher CAPE
and conditional atmospheric instability have been observed
over forest sites compared with pasture sites (Taylor and
Ellis 2006; Wang et al. 2009). The development of convec-
tive systems depends not only on the atmospheric instability,
but also on trigger mechanisms allowing the release of the
convective available potential energy (Adler et al. 2011).
According to our results, we hypothesize that the thermally-
induced shallow ascending movement over croplands/grass-
land can be advected and propagated by the horizontal cir-
culation toward forest neighboring areas, where it acts as
a trigger mechanism for developing convection. A similar
mechanism is described by Froidevaux et al. (2014) using
an idealized cloud-resolving model. When the rainy season
onset arrives (day 0), a reduction in the sensible heat flux
over croplands/grasslands (Fig. 7c) causes shallower PBL
(Fig. 7f), a descending air motion below 850 hPa (Fig. 7)),
and an increase in the specific humidity over the shallow
troposphere (Fig. 7h).

The land cover-differentiated analysis for the temporal
evolution of meteorological variables along the develop-
ment of the rainy season allow us to identify the following
key messages: (1) the temporal variability is similar for
croplands/grasslands and forest surfaces for all the ana-
lyzed variables and is controlled by regional-scale phe-
nomena; (2) the forest and crop/grass local scale response
to the synoptic forcing is different in terms of the mag-
nitude of the variables only before the onset of the rainy
season. Therefore, land surface heterogeneities can have
a stronger impact on the local circulation during the pre-
onset period; (3) with the rainy season onset, the establish-
ment of wet season atmospheric regimes bring rainfall to
the whole Amazon basin, which helps to eliminate the
local differences associated to land-surface heterogenei-
ties, and generates similar behavior between forests and
croplands/grasslands for all the analyzed variables. For
this reason, in the following sections we assess the impacts
of Amazonian deforestation with an especial focus on the
changes of circulation patterns and surface conditions
before the onset of the wet season.
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4 Deforestation impacts on the dry-to-wet
transition season

In this subsection, we analyze the deforestation-induced
changes in precipitation, evapotranspiration and low-level
wind circulation of the CPs and the consequences of these
disturbances on the development and onset of the rainy
season. Finally, we determine the individual effect of
changes in frequency and characteristic rainfall of the CPs
caused by deforestation for the total rainfall accumulated
in the 120-day period prior to the onset.

4.1 Rainfall and surface fluxes seasonal cycles
over the southern Amazon

The loss of tropical forest causes important changes in evap-
otranspiration and surface energy fluxes, while only little
rainfall alterations are simulated over southern Amazonia
(Fig. 2). Although not significant, rainfall slightly increases
between October and November in the deforested experi-
ment (red line in Fig. 2a). However, deforestation induces
significant reductions in evapotranspiration and latent heat
fluxes (red line in Fig. 2d-h) of about~— 5 to — 6% dur-
ing the dry season in consistency with flux tower measure-
ments, satellite and meteorological reanalysis estimates (von
Randow et al. 2004, 2020; Khand et al. 2017; Baker and
Spracklen 2019; Oliveira et al. 2019; Laipelt et al. 2020)
and climate models (Nobre et al. 1991; Polcher and Laval
1994; Sud et al. 1996; Lean and Rowntree 1997; Perugini
et al. 2017; Eiras-Barca et al. 2020). It is important to remark
that differences between RegIPSL-Control and the reference
datasets (ERAS5-Land and Paca data base) are higher than
those between control and deforested experiments what
reflects the current challenges in evapotranspiration esti-
mations. The sensible heat flux is slightly increased in the
deforested scenario in the dry-to-wet transition in agreement
with observations (Fig. 2g; Gash et al. 1996; von Randow
et al. 2004; Garcia-Carreras et al. 2010). Otherwise, impor-
tant and significant changes in the reflected solar radiation
are induced by the forest loss. Due to the higher cropland
albedo, a general increase in the reflected solar radiation
(~+2 W m~2 or+5.7%) occurs throughout the year in
RegIPSL-Deforested (red line in Fig. 2d) in agreement with
measurements from the Anglo-Brazilian Amazonian Cli-
mate Observation Study (ABRACOS) project (Berbet and
Costa 2003; von Randow et al. 2004). This energy loss, in
conjunction with less incoming longwave radiation (— 0.8
W m~2 or — 0.17%) due to a drier atmosphere (Fig. 2e—f;
Eltahir 1996; Claussen et al. 2001), leads to a reduction in
the net surface radiation of ~— 3 W m~2 (= 2.5%) during the
dry-to-wet transition season (Fig. 2i). Reductions in the net

surface radiation have been reported over cleared areas in
the Amazon (Bastable et al. 1993).

4.2 CPs and associated regional composites

Figure 8 shows simulated changes in evapotranspiration for
the different atmospheric states or CPs. Similarly, Fig. 9 dis-
plays deforestation-induced changes in rainfall and 850 hPa
horizontal wind for each CP. At the same time, we use the
Taylor diagram for assessing the changes in the spatial pat-
terns of rainfall and horizontal winds for each circulation
pattern (Fig. S5). In this case, instead of comparing a refer-
ence or ‘observed’ field with a modeled field as usual, we
use the RegIPSL-Control as a reference dataset and evaluate
the similarity with the CP spatial distributions in the defor-
ested experiment (RegIPSL-Deforested).

In agreement with our previous results (Sect. 4.1), evapo-
transpiration decreases over the deforested area mainly in
dry and transition regimes (CPs D1, D2, D3, T1 and T2y),
driven by reductions in the net surface radiation added to the
effect of crop shorter roots (not shown). During these CPs,
local weak changes in 850 hPa winds are also registered
over the cleared area (Figs. 9 and S6). D1, D2, D3 and T1
exhibit a wind acceleration over the deforested patch associ-
ated with a reduced surface roughness length. The stronger
winds enhance the surface humidity transport toward central
and southwestern Amazon and increase moisture conver-
gence and precipitation in T1 and small patches of T2py
(Figs. 7 and S6). Similar changes in moisture convergence
for Amazon deforestation scenarios have been reported in
modeling studies (Lean and Rowntree 1997; Eiras-Barca
et al. 2020). The slight significant rainfall increases in T1
and T2,y explain the modest, but not significant, precipita-
tion increment over the southern Amazon between Octo-
ber—November shown in previous subsections (see Fig. 2a).
On the contrary, a wind deceleration occurs in the deforesta-
tion scenario for T2y, over the deforested patch, which is
related to a slight increase in moisture convergence (Fig. S6).
This is also observed by Ruiz-Vasquez et al. (2020), who
identified a weaker southerly cross-equatorial flow during
the dry and dry-to-wet transition seasons in association with
deforestation over the Southern Amazon. It is important to
remark that CP T2, is an almost exclusive condition of the
dry-to-wet transition season and is featured by the encoun-
ter of a northerly cross-equatorial flow with southerly wind
incursions that generates low-level convergence and trig-
gers precipitation in the southern Amazon and south eastern
Brazil (Espinoza et al. 2021). However, a non-statistically
significant weakening of the southerly wind incursions
below 10°S and between 70°W-50°W is observed with the
rainforest loss. It is precisely in this area where cold fronts
are frequent during the transition from dry to wet conditions
(Machado et al. 2004). A weaker than usual extratropical
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Fig.8 Differences RegIPSL-Deforested minus RegIPSL-Control in
evapotranspiration composites for the 9 circulation patterns (CPs)
defined from the k-means clustering analysis. Differences are in mm
day~!. Only significant evapotranspiration differences are shown

cold front incursions are generally related to a delayed rainy
season (Li and Fu 2006). Compared with wet season CPs,
dry season and transition regimes have almost zero rainfall
and wind changes according to Figs. 9, S5 and S6. Minor
changes in the regional-scale circulation during the dry sea-
son and the dry-to-wet transition period are expected due to
the important role of the extratropical forcing in this time
of the year (e.g. Jones and Simmonds 1993; Sinclair 1995;
Espinoza et al. 2012). In addition, since our simulations
are done with a regional climate model laterally forced by
ERAS, the deforestation impacts on the atmospheric dynam-
ics are limited to the modeling domain while any external
forcing (such as the extratropical westerly Rossby waves)
remains undisturbed (Sud et al. 1996; Gedney and Valdes
2000; Badger and Dirmeyer 2016).

During the wet season, the continental thermodynam-
ics and the vegetation role are determinant to shape the
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(t-test, p<0.05). Magenta box shows the southern Amazon domain
(5°S-15°S, 70°W-50°W). The magenta line highlights the deforested
area

regional-scale circulation (e.g. Gill 1980; Figueroa et al.
1995; Eltahir 1996; Gedney and Valdes 2000). Accordingly,
deforestation generates profound alterations in the atmos-
pheric circulation and rainfall during this season over the
entire continent (Fig. 9). It is in the wet season CPs when
the differences in low-level circulation are highest. Thus,
lower spatial correlations between RegIPSL- Control and
RegIPSL-Deforested are observed for CPs W1-W2-W3
in Fig. S5b, c. The first wet season circulation pattern W1
experiments a weakening of the characteristic circulation
of the SACZ (see Table 3 and Fig. 4). Southerly winds are
diminished south of 10° S, which allows northerly winds to
reach further south and decrease their eastward deviation
over the southern Amazon. As a consequence, rainfall is
reduced (increased) over the eastern (southern) part of the
continent and over the southern Amazon (Fig. 9). A weak-
ened SACZ has been documented in tropical deforestation
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Fig.9 Differences RegIPSL-Deforested minus RegIPSL-Control in
850 hPa horizontal winds and rainfall composites for the 9 circulation
patterns (CPs) defined from the k-means clustering analysis. Rainfall
differences (shaded) are in percentage respect to values in the control
scenario. Horizontal winds at 850 hPa (vectors) are in m/s. Only sig-

experiments by previous studies (Badger and Dirmeyer
2016). Similarly, there is a weakening of the northerly winds
that feature the summer SALLJ in W2 (Fig. 9). The weaker
north—south moisture transport in the deforestation scenario
prompts precipitation and moisture convergence increase
(decrease) over northern (southern) tropical South America
(Figs. 9 and S6). As a component of the SAMS and the sum-
mer regional Hadley cell, a weakening of the SALLYJ is con-
sistent with deforestation theoretical frameworks and with
climate model experiments (Zhang et al. 1996; Eltahir 1996;
Zeng and Neelin 1999; Badger and Dirmeyer 2016; Sierra
et al. 2021). Finally, W3 displays an enhanced northerly and
southerly winds, a stronger eastward deviation and moisture
convergence, triggering more convection over southeastern
Brazil (Figs. 9 and S6). Changes in low-level winds for W3
are very similar to the normal conditions of W1 (Figs. 4 and
9). In fact, we find that under the deforestation scenario,

o

nificant rainfall differences are shown (t-test, p<0.05). Green vectors
represent significant wind differences (t-test, p<0.05). Magenta box
shows the southern Amazon (5°S-15°S, 70°W-50°W). The magenta
line highlights the deforested area

the days with W1 conditions tend to convert to CP W3 (not
shown).

Alterations in the frequency of occurrence for the differ-
ent CPs in the deforested experiment are shown in Fig. 10.
Each subpanel represents the annual cycle frequency for
a specific atmospheric regime in RegIPSL-Control and
RegIPSL-Deforested (blue and red lines, respectively). In
order to assess the statistical significance of the differences
in CP frequencies between control and deforested experi-
ments, we implement a bootstrap-like methodology. We split
our complete time series for both experiments, using the
selected day-to-day classification (see Sect. 2.4), in 10-year
running windows. For each time window we compute the
frequency of occurrence of each CP in order to get the fre-
quency variance in control and deforestation scenarios. Days
with significant differences are highlighted with red dots
(p-value <0.05, Fig. 10).
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Consistent with our previous results discussed above,
transitional CP T1 and dry season CPs D1-D2-D3 experi-
ence minor changes in frequency throughout the year with
deforestation (Fig. 10a and g—i). Nonetheless, during the
dry-to-wet transition period (end of September and Octo-
ber) there is a reduction of — 6% in the frequency of T2y,
(Fig. 10b). At the same time, T3y, increases its occurrence
in the deforestation experiment by about+ 5% (Fig. 10f).
As we discussed before, the first atmospheric regime that
appears during the wet season corresponds to the SACZ
conditions (W1; Fig. 10c). Deforestation induces a decrease
in the frequency of W1 at the very beginning of the wet
season (— 17%) and an increase between December-Feb-
ruary (+ 18%). The decrease in the activity of W1 during
this month is linked to the increase in the frequency of W3,
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selected partitions for previous section analysis and correspond to a
smart selection of initial centroids seeds for k-means. The horizon-
tal axis represents the days from January 1st to December 31st in the
climatology during the period 2001-2019. CP’s annual cycles were
smoothed using a temporal lowpass Butterworth filter retaining only
frequencies lower than 1/30 cycles per day

reflecting the W1-to-W3 switch discussed before. For the
control run, the development of CP W1 is followed by the
emergence of the SALLJ (CP W2), conforming the SACZ-
SALLJ dipole. However, forest loss alters the development
of the SAMS and causes a delay in the W2 activity, with
fewer events during November-February (between — 10 to
— 20%, depending of the month) and more occurrences at
the end of the wet season (March—April; + 10% to+20%
according to the month; Fig. 10d). At the end of the rainy
season, between March—April, W3 becomes less frequent
and is replaced by W2 events. Similarly, as a consequence
of the delayed activity of the SALLJ (W2), T3y, frequency
is reduced during late April.

In summary, the changes in T2y, T3yp, W1 and W2
point in the same direction: a later onset of the rainy season
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based on CPs under the deforested experiment. However,
we did not find any change in the onset/end wet season dates
using the rainfall-based criteria of Li and Fu (2004). A pos-
sible explanation for this is the dependence of this methodol-
ogy on precipitation, and therefore on the convection param-
eterization. In agreement with our results, several modeling
studies find a more frequent longer dry seasons with the
Amazon forest removal (Costa and Pires 2010; Boisier et al.
2015; Nobre et al. 2016; Alves et al. 2017; Ruiz-Vasquez
et al. 2020; Commar et al. 2023). Widespread deforesta-
tion generates a less heterogenous land cover over southern
Amazonia, what can weaken the combined effect of warmer
surface, reduced CINE and shallow ascending motion over
croplands and the large CAPE available for exploiting these
thermally driven vertical wind anomalies over forested areas,
thus delaying the large-scale triggering of convection and
the wet season onset.

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

Precipitation during the dry-to-wet transition period is cru-
cial for increasing the evapotranspiration, the atmospheric
moisture and for triggering shallow convection during the
early stages of the rainy season onset (see Sect. 3.4; Wright
et al. 2017). Deforestation can alter the rainfall and evapo-
transpiration during the pre-onset period, and, therefore,
impact the whole development of the wet season (Li and
Fu 2004). In the previous section we analyze the changes
induced by the forest loss in the mean rainfall amount or
characteristic rainfall of each circulation pattern, as well
as changes on its frequency of occurrence separately. To
complement these analyses, the question addressed in this
subsection is how these alterations act together to impact
the pre-onset rainfall. Therefore, we estimate the relative
importance of the changes in CP frequency versus altera-
tions in CP characteristic rainfall induced by deforestation
for the total accumulated pre-onset rainfall. Here, the pre-
onset period is defined as the 120 days preceding the rainy
season onset.

The accumulated rainfall at grid-cell j between the day
— 120 and the onset (day 0) P; can be estimated through a
decomposition of the characteristic rainfall p;, associated
to each k circulation pattern at location j, multiplied by its
frequency of occurrence of during the day i, denoted as n;,
according to Eq. 2.

0
P; = Z Z PjiMik )
k=1 i=-120

With this approximation, we assume that all the days with
atmospheric conditions corresponding to each CP k will have

the same associated rainfall, which corresponds to the CP’s
rainfall composite mean. A similar approach has been pre-
viously used for analyzing rainfall variability over different
regions (Polcher 1995; Moron et al. 2008). In order to test
our approximation, Fig. 11 shows the comparison between
the climatology of the accumulated precipitation during the
pre-onset period in RegIPSL-Control, and the total rainfall
estimation using Eq. 2, labeled as ‘reconstruction’ (Fig. 11a
and b, respectively). The pre-onset period usually occurs
between boreal summer and fall (July—September). For this
reason, we observe high amounts of accumulated rainfall
over northern South America and the Pacific and Atlan-
tic Intertropical Convergence Zone (ITCZ; Fig. 11a). The
reconstruction of total rainfall is very close to the accumu-
lated rainfall climatology in spatial structure and rainfall
magnitude (Fig. 11b). Precipitation is overestimated by the
reconstruction over most of the area (Fig. 11c). Rainfall dis-
tribution at daily time scale is usually skewed due to the
presence of very frequent zero or non-rainfall values mainly
during the dry and dry-to-wet seasons. However, Eq. 2 uses
the precipitation probability for each CP computed over the
whole year. Therefore, the mean daily precipitation associ-
ated with each CP is influenced by precipitation during both
rainy and dry seasons while our reconstruction is limited
to a relatively dry period. Nevertheless, within our region
of interest (southern Amazonia, magenta box in Fig. 11c¢),
the total rainfall overestimation is only about+ 70.25 mm
(+22%) in the three-month period (Fig. 11c). We also com-
pute the reconstruction of the total pre-onset rainfall for the
deforestation experiment using the same methodology, in
order to evaluate the changes caused by the forest-loss.

Following Eq. 2, we can analyze the deforestation-
induced change in total accumulated pre-onset rainfall, as
well as the individual effect of the changes in frequency and
characteristic rainfall of the CPs. The change in the total
pre-onset rainfall at grid-cell j between the deforestation
and control experiments de, can be divided in two different
terms: (1) a first term representing the effect of changes only
in the frequency of each circulation pattern k with deforesta-
tion during each day i in the pre-onset period (dn; ;). The
characteristic rainfall of CP &, Pjss remains unperturbed;
(2) a second term corresponding to the effect of changes in
the characteristic rainfall of each circulation pattern &, dpj’k.
This term uses the CP frequencies of occurrence of from the
control experiment n;; (Eq. 3).

9 0 9 0
dPi=2 2 pj,kdni,k+z Z N dp; i €)
k=1 i

i=—120 k=1 i=—120

Figure 11d displays differences in the total pre-onset
rainfall reconstructions between the deforested and con-
trol experiments. Deforestation increases rainfall over the
northern part of the continent (Colombia and Venezuela),
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Fig. 11 Total accumulated rainfall for the pre-onset period (day
— 120 to day O or onset of the rainy season) for: a RegIPSL Control
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RegIPSL-Control climatology minus RegIPSL reconstruction. d Dif-
ferences in the total accumulated rainfall between reconstructions in
the RegIPSL-Deforested minus RegIPSL-Control experiment. e Total

the southeastern South America (La Plata basin) and over
the deforested areas of central and southern Amazon. On the
other hand, rainfall decreases over the eastern flank of the
Andes, the northeastern Atlantic coast, southeastern Brazil
and over the surrounding areas of the deforested patches.
Over the southern Amazon, rainfall increases on average
by +2.98 mm. This rainfall increment is confined over the
cleared areas (+ 12.17 mm), whereas over non-deforested
areas rainfall decreases around — 5.43 mm. This enhanced
rainfall over deforested patches and its reduction over for-
ested neighboring areas is a typical spatial structure of the
observed local thermally-driven circulations induced by
deforestation during the Amazonian dry season (Souza et al.
2000; Negri et al. 2004; Chagnon and Bras 2005; Wang et al.
2009).

Changes in the regional total pre-onset precipitation due
to the alterations in the CPs frequency exhibit a very dif-
ferent spatial pattern. A latitudinal dipole with more (less)
rainfall in the northern (southern) part of the continent is
observed (Fig. 11e). It is interesting to note that the local
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accumulated rainfall changes induced by deforestation due to altera-
tions in the frequency of the circulation patterns. f Total accumulated
rainfall changes induced by deforestation due to alterations in the
characteristic rainfall of the circulation patterns. Magenta box shows
the southern Amazon (5°S—15°S, 70°W-50°W). The magenta line
highlights the deforested area. All subplots are in mm

precipitation changes over the deforested patches observed
in the differences between deforested and control pre-onset
rainfall climatology are not explained by the alteration in
the CPs frequency. Conversely, changes in the frequency
of occurrence generate a regional-scale rainfall response.
Precipitation reduction over the eastern flank of the Andes
(Fig. 11d) is almost completely explained by the alteration
of CPs frequency. During the pre-onset period, the most fre-
quent CPs are the dry season regimes D1-D2-D3 and tran-
sitional CPs T1 and T2dw (see Sect. 3.3). However, defor-
estation affects mostly the frequency of CP T2dw (reduces
its frequency in about — 6%) while the rest of the weather
regimes do not exhibit significant changes (see Sect. 4.2).
For this reason, the isolated effect of CP frequency changes
on the total pre-onset rainfall is very similar to a negative
phase of the rainfall anomalies linked to the CP T2wd (see
Fig. 4). Under normal conditions, during this period of the
year, the southern Amazon receives precipitation due to the
activity of the CP T2dw. Thus, it is expected that a reduction
in the occurrence of T2dw generates a rainfall decrease of
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— 2.48 mm over the southern Amazon. This rainfall reduc-
tion occurs over both deforested and non-deforested areas
(— 1.71 mm and — 3.18 mm, respectively) as it is related to
regional circulation changes.

Alterations in the CPs characteristic rainfall induced by
deforestation dominate the total change in the accumulated
pre-onset precipitation over most of the region (Fig. 11d-f).
The precipitation increase over the deforested areas and the
decrease over the surroundings is fully explained by the
changes in the CP’s characteristic rainfall. In this way, the
local effects of deforestation seem to influence the magni-
tude and spatial distribution of rainfall associated with each
CP rather than its frequency. However, rainfall alterations
over the SESA-SACZ region suggest that deforestation also
generates a regional-scale effect outside the deforested area
boundaries in the rainfall pattern linked with each CP. As
our results were obtained using a regional climate model
with imposed large-scale circulation at the boundaries of
the spatial domain, the regional rainfall changes induced
by alterations in the CP frequencies should be confirmed
by using a global climate model which fully represents the
non-local effects of the Amazonian forest loss (Zhang et al.
1996; Gedney and Valdes 2000). Conversely to the southern
Amazon rainfall depletion linked to the changes in the CPs
frequency, changes in the characteristic CPs rainfall cause
a rainfall increase of +5.48 mm. This rainfall increase is
observed over the deforested areas (4 13.94 mm) as a
local response to forest loss. At the same time, rainfall is
decreased (— 2.24 mm) over the neighboring non-cleared
areas as a result of the development of mesoscale circula-
tions supported by thermal contrast due to land surface het-
erogeneities (Souza et al. 2000; Wang et al. 2009; Wong-
chuig et al. 2023 submitted to Journal of Hydrology).

5 Summary and conclusions

Previous works suggest that tropical rainforest evapo-
transpiration is crucial moistening the lower tropo-
sphere, for triggering shallow convection and for ini-
tiating the wet season onset (Li and Fu 2004; Wright
et al. 2017). However, how deforestation can affect the
initiation of the Amazon wet season is something that
remains poorly understood. In this study, we assess the
impacts of the Amazon forest-to-cropland conversion on
the climatic conditions during the dry-to-wet transition
period (August—September), as well as on the onset and
development of the rainy season in the southern Ama-
zon (5°S-15°S, 70°W-50°W). Using a weather typing
approach, we decompose the atmospheric circulation vari-
ability in tropical South America in its dominant modes in
order to analyze perturbations induced by deforestation in
the evolution of the rainy season. To accomplish this, we

use 19 years of simulations (2001-2019) with the regional
climate model RegIPSL under two scenarios: (1) a control
scenario and (2) a deforestation scenario based on future
projections of Amazonian forest loss developed by Soares-
Filho et al. (2006).

The validation of the model is performed in three steps.
First, the representation of the annual cycle in water and
energy variables over the southern Amazon is evaluated.
By comparing with satellite, in-situ measurements and rea-
nalysis data, we find a well-represented seasonality of pre-
cipitation, evapotranspiration and surface energy fluxes by
RegIPSL-Control. Using ERAS horizontal winds at 850 hPa,
the atmospheric low-level circulation variability is decom-
posed in 9 regimes that correspond to recurrent atmospheric
states or circulation patterns (CPs). As previous works, we
identify three dry season (D1-D2-D3), three wet season
(W1-W2-W3) and three transitional (T1-T2py—T3wp)
regimes (Espinoza et al. 2021). Therefore, in the second vali-
dation step we assess the model’s skill to properly represent
the spatial structure and the relative frequency of each CP
along the year. A direct comparison with ERA5/CHIRPS
wind and rainfall anomalies shows that RegIPSL-Control
reproduces broadly the main atmospheric circulations and its
seasonality. Finally, we complement the validation analyz-
ing the evolution in the atmospheric and surface conditions
during the preceding and subsequent days of the wet season
onset. Despite small differences, RegIPSL-Control is able
to represent a realistic time evolution of the atmospheric
circulation, rainfall and evapotranspiration in the preceding
and subsequent days of the wet season onset, what enables
the use of this model for exploring deforestation changes in
the evolution of the dry-to-wet transition.

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

With respect to our analysis on the impact of deforesta-
tion over the southern Amazon, deforestation increases the
reflected solar radiation, and decreases net surface radia-
tion, evapotranspiration and latent heat flux during the dry
and dry-to-wet seasons. Dry season atmospheric regimes
D1-D2-D3 suffer very local changes in circulation, with a
wind acceleration over the deforested areas linked to a reduc-
tion in the surface roughness length. Additionally, defor-
estation does not affect the frequency of occurrence of dry
season atmospheric regimes D1-D2-D3 or the transitional
circulation pattern T1. It is only by the end of the pre-onset
period, when important changes in circulation and frequency
of occurrence begin to be important. The CP T2wd, which
characterizes the atmospheric conditions during the onset
of the rainy season over the southern Amazonia, decreases
its frequency of occurrence in about — 6% with deforesta-
tion suggesting a delayed wet season onset. Changes in the
atmospheric circulation patterns linked to the SACZ and
the SALLJ reinforce the idea of a deforestation-induced
dry season lengthening in agreement with previous studies
(Costa and Pires 2010; Boisier et al. 2015; Nobre et al. 2016;
Alves et al. 2017; Ruiz-Vasquez et al. 2020; Douville et al.
2021; Commar et al. 2023). Additionally, the austral sum-
mer SALLJ experiments a weakening of the northerly winds
that transport moisture toward southern South America in
the deforestation scenario, which increases (decreases) pre-
cipitation in the northern (southern) part of the continent.

Finally, during the 120 days preceding the rainy season
onset (pre-onset period), deforestation induces a rainfall
increase over the northern and southeastern parts of the
South American continent, as well as over the deforested
patches of the central and southern Amazon (+ 12.17 mm).
At the same time, precipitation is decreased over the eastern
flank of the Andes, the northeastern Atlantic coast, and over
the forested areas in the vicinity of the deforested patches
(— 5.43 mm). Through a decomposition of the individual
attribution of changes in frequency and changes in the CP
characteristic associated rainfall, we identify two opposite
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effects on the accumulated pre-onset rainfall: (1) a more
regional deforestation-induced change linked to a rainfall
decrease (increase) over the southern (northern) part of the
continent and the eastern flank of the Andes. This change is
caused solely by changes in the frequency of the CPs, mainly
by the reduced occurrence of the T2dw; (2) a combination of
local and regional rainfall responses linked to perturbations
in the CP’s associated rainfall. The local signal explains the
precipitation increase (decrease) over the deforested areas
(the surroundings of the deforested areas), while the regional
part is related with the rainfall rise over the southeastern
South America.

Based on a weather typing approach, and therefore on
the representation of the atmospheric circulation from daily
to inter-decadal timescales, our results strengthen the link
between the deforestation and the lengthening of the dry
season over the southern Amazonia. At the same time, these
results show how the impacts of deforestation are not lim-
ited to the wet season onset and affect the main features of
circulation patterns during the dry-to-wet season. In fact, we
conclude that the land—atmosphere interactions show differ-
entiated changes through the year. Local alterations near the
land surface dominate during the dry and dry-to-wet tran-
sition seasons, while regional-scale changes in the atmos-
pheric circulation and precipitation are observed during the
wet season. However, the physical mechanisms behind the
changes in the frequency and spatial structure of wet season
circulation patterns remain unexplored in the present work.
As far as we know, this is one of the few works analyzing the
effect of deforestation on the evolution of the rainy season
at intra-seasonal timescales instead of looking for seasonal
changes. Understanding the progress of deforestation per-
turbations on the regional atmospheric circulation is crucial
in order to better comprehend the forest role on the climate
system at different timescales.
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