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Abstract. The Gran Chaco ecoregion is South America’s largest remaining continuous stretch of dry forest. It has experienced
intensive deforestation, mainly in the western part known as Dry Chaco, resulting in the highest rate of dry forest loss globally
between 2000 and 2012. The replacement of natural vegetation with other land uses modifies the surface’s biophysical
properties, affecting heat and water fluxes and modifying the regional climate. This study examines land use and land cover
changes (LULCCs) in Dry Chaco from 2001 to 2015, their effects on local and non-local climate, and explores the potential
impacts of future agricultural expansion in the region. To this end, Weather Research and Forecasting (WRF) model
simulations are performed for two scenarios: the first one evaluates the observed land cover changes between 2001 and 2015
that covered 8% of the total area of Dry Chaco; the second scenario assumes an intensive agricultural expansion within the
Dry Chaco. In both scenarios, deforestation processes lead to decreases in LAI, reductions in stomatal resistance, and increases
in albedo, thus reducing the net surface radiation and, correspondingly, decreasing the turbulent fluxes, suggesting a decline
in available energy in the boundary layer. The result is an overall weakening of the water cycle in the Dry Chaco and, most
prominently, implying a reduction in precipitation. A feedback loop develops since dry soil absorbs significantly less solar
radiation than moist soil. Finally, the simulations suggest that the Dry Chaco would intensify its aridity, extending the drier

and hotter conditions into the Humid Chaco.

1 Introduction

The expansion of the agricultural frontier in southern South American countries (Brazil, Paraguay, Argentina, and Uruguay)
has been favoured by natural, technological, economic, and socio-cultural factors. Large areas of South America have
experienced a significant increase in land use and land-cover changes (LULCCs), mostly of anthropogenic origin (Richards et
al., 2012; De Sy et al. 2015, Stanimirova et al. 2022). The regional increase in annual average rainfall in arid regions (Barros
et al. 2015), combined with biotechnological advances (Ribichich et al. 2020; Bulacio et al. 2023), strengthened the crops’

adaptability to adverse climate conditions and enhanced the availability of productive lands. Moreover, the availability of
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cheap land and labour, the lack of environmental regulations or their inadequate enforcement, and the increased food demand
from new international markets in the last decades contributed to the agricultural expansion advancing on native vegetation

(Paruelo et al., 2005; Volante et al. 2016).

The Gran Chaco, comprised of the arid Dry Chaco in the west and Humid Chaco in the east, stands as the largest remaining
continuous stretch of dry forest in South America (Portillo-Quintero and Sanchez-Azofeifa, 2010). This dry forest ecoregion
combines all the previous factors that increase the crop productivity, leading to an intensive deforestation process,
predominantly in the Dry Chaco subregion (Fehlenberg et al., 2017; Mosciaro et al., 2022). Currently, only 9 % of Gran Chaco
is protected (Nori, 2016), exposing it to the highest rate of dry forest loss worldwide and positioning the region as one of the
largest global deforestation hotspots (Hansen et al., 2013). The Gran Chaco underwent deforestation of 78,000 km? between
2001 and 2012, with varying deforestation rates, from ~2,900 km? year™! during 2001-2002 to ~9,200 km? year! during 2007-
2008 (Fehlenberg et al., 2017). In particular, dry forest deforestation rates in the Argentinian part of Gran Chaco during the
2000s became up to three times higher than in the 1980s (Piquer-Rodriguez et al., 2015).

LULCC:s affect the soil state and the overlying atmosphere through the influence of the soil conditions on the land-atmosphere
interactions (Dirmeyer et al., 2000). This is particularly evident in southern South America, where the land-atmosphere
coupling shows strong relationships between the water cycle components (Spennemann and Saulo, 2015; Ruscica et al., 2016;
Martinez et al., 2016). The replacement of natural vegetation by pastures, crops, or other types of land use modifies biophysical
properties related to vegetation (albedo, stomatal resistance, surface roughness, among others), altering the ecosystem
functioning and the surface fluxes (Lee and Berbery, 2012; Miiller et al., 2014; Baldi et al., 2015). For instance, when crops
replace forests, groundwater uptake and transpiration are reduced due to the lack of deep roots in crops. This mechanism may
induce the rise of the water table level, facilitating soil saturation, increasing surface runoff and, therefore, the probability of

occurrence of floods or waterlogging (Miguez-Macho et al., 2007a; Martinez et al., 2016).

In brief, the changes in soil conditions affect the energy and water fluxes on the surface, which in turn modify the atmospheric
fluxes (e.g., moisture transport) (Lee and Berbery, 2012; Mahmood et al., 2014). Thus, LULCCs inevitably alter the local
climate state, but they may also impact adjacent or remote areas due to changes in river flow or atmospheric dynamics
(Mahmood et al., 2010). A suitable way to comprehensively investigate the impact of LULCCs on the regional climate is by
using regional climate model (RCM) simulations. RCMs have two components -the land surface and the atmosphere- that
interact at each time step through surface fluxes, enabling feedback between the atmosphere and the soil, thus, uncovering the
atmospheric response to LULCCs. Land cover types and their associated biophysical properties are usually prescribed in Land
Surface Models (LSMs), the land component of RCMs. This feature hinders LSMs from simulating ongoing LULCCs
(Maertens et al., 2021). However, sensitivity experiments can be conducted by updating the land cover map to simulate the

impact of observed LULCCs on the regional hydroclimate (e.g. Lal et al. 2021), or artificially modifying the land cover to
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simulate possible scenarios of LULCCs and their potential impacts (e.g., Lee and Berbery 2012, Georgescu et al. 2013,
Flanagal et al. 2021).

In this context, and as a follow-on of the previous studies, the questions that motivate this paper are: How do LULCCs in the Dry
Chaco alter the land surface processes locally? And what are the local and non-local effects of LULCCs on the Gran Chaco? To
answer the raised questions we adopt a comprehensive three-step methodology. First, we evaluate the dominant LULCC in Dry Chaco
during the current century using state-of-the-art satellite information (the Moderate Resolution Imaging Spectroradiometer, MODIS).
Second, we analyse the local effects of current LULCCs in Dry Chaco by assessing simulations performed for the same period but
using MODIS land cover maps of different years with the Weather Research and Forecasting (WRF) model. Third, we investigate
the remote effects of LULCCs in Humid Chaco by analysing WRF simulations that assume a progressive expansion of the agricultural
frontier in Dry Chaco. In this way, this study considers both observed and realistic expansions of LULCCs, offering a nuanced
understanding of the actual and potential impacts on regional climate. By considering more realistic scenarios, it is possible to
hypothesize how agricultural expansion in one region influences the hydroclimate of another, which is crucial for effective regional
land use planning on a topic prone to developing socio-ecological conflicts associated with LULCCs. This focus on uncovering the

processes behind such remote effects is a relatively unexplored aspect of existing literature.

The paper is organized as follows: Section 2 describes the region of interest, the observational data, the experiments, and the
evaluation datasets. Section 3 evaluates the performance of the WRF control simulations. Section 4 presents the analysis of
the model simulation responses to different LULC scenarios. Finally, a discussion is provided in Section 5 and the concluding

remarks are summarized in Section 6.

2 Data, model, and experiments
2.1 Study Region
2.1.1 Geographical features

The Gran Chaco is a natural region of about 1,100,000 km? stretching from northern Argentina to southeastern Bolivia and
northwestern Paraguay (Fig. 1). In South America, it is the second-largest forest after the Amazon and the largest remaining
continuous stretch of dry forest (Bucher and Huszar, 1999; Portillo-Quintero and Sanchez-Azofeifa, 2010). The Gran Chaco
is characterised by a flat topography with elevations varying between 100 and 500 m. The region is part of the subtropical belt,
with a latitudinal south-north thermal gradient with a mean annual temperature ranging from 19 °C to 24 °C (Garreaud et al.
,2009; Almazroui et al., 2021). The region shows a pronounced longitudinal gradient in precipitation, dividing the Gran Chaco
into two distinct subregions: the Dry Chaco and the Humid Chaco (as indicated by the borders in Fig. 1). The Dry Chaco is

dominated by a semi-arid climate with annual precipitation ranging from 450 to 900 mm. The Humid Chaco presents a humid
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subtropical climate with annual precipitation of about 900—-1200 mm (Garreaud et al., 2009; Almazroui et al., 2021). Note that
the Gran Chaco region exhibits minimal sensitivity to large-scale phenomena such as the El Nifio Southern Oscillation (ENSO)
and the Madden Julian Oscillation (MJO). Extreme ENSO phases predominantly induce precipitation excesses or deficits in
eastern SESA, with minimal influence observed in the study region (Cai et al., 2020). The MJO has non-significant impact on

precipitation anomalies over the Gran Chaco region (Grimm et al., 2019).

The Gran Chaco is one of the most dramatic global deforestation hotspots, with the highest rate of dry forest loss in the world
in the 2000-2012 period (Hansen et al., 2013), due to the expansion of soybean production and cattle ranching (Fehlenberg et
al., 2017). The Humid Chaco has been intensively transformed into agriculture, while the Dry Chaco remained largely forested
because agriculture methods depended on rain, making it unprofitable despite high soil fertility and flat terrain (Bucher and
Huszar, 1999). This historical behaviour has changed in recent decades due to the westward shift of the isohyets in the Gran

Chaco and the availability of climate-resistant seeds (Dros et al., 2004).

2.1.2 Land cover and its evolution in Dry Chaco

The dominant land cover in the Dry Chaco and its evolution from 2001 to 2015 are estimated using land use maps derived
from the MODIS Land Cover Climate Modeling Grid Product MCD12C1. The product is provided as a global mosaic at 0.05°

grid spacing and follows the International Geosphere—Biosphere Program (IGBP) classification.

The top land cover categories in the region, as observed in 2015, are savanna, woody savanna, forest, grassland, shrubland,
and cropland (Fig. 2a). Figure 2b shows how the dominant land cover categories in Dry Chaco evolved from 2001 to 2015.
For simplicity, some of the IGBP types were grouped into major land cover classes on this panel. For instance, forest includes
evergreen broadleaf, deciduous broadleaf, and mixed forests; shrubland includes closed and open shrublands, while cropland
includes a cropland and cropland/natural vegetation mosaic. The land cover evolution indicates that agricultural lands
(cropland and grassland) increased mainly up to 2007. Between 2001 and 2015, agriculture coverage increased by 15.4 %,
representing 2.6 % of the total area of the Dry Chaco. On the other hand, forests and woody savanna decreased by 1.5 % and
16.4 %, respectively, representing 4.3 % of the Dry Chaco area.

Figure 2c indicates that 18 % of the Dry Chaco area suffered LULCCs from 2001 to 2015. These changes are quantified per
category in Fig. 2d. Most of these changes (52 %) involve transitioning from categories characterised by higher tree coverage
to others with lower coverage, which could be associated with deforestation processes. According to Fig. 2d, they are:

e from woody savanna to savanna, 23,328 km?,

e from savanna to agriculture, 12,672 km? (40 % to cropland and 60 % to grassland),

e from woody savanna to agriculture, 10,368 km? (50 % to cropland and 50 % to grassland)

e  from forest to savanna, 8,064 km?,
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e from forest to woody savanna, 6,336 km?,

e from forest to agriculture, 6,192 km? (67 % to cropland and 33 % to grassland), and

e from open shrubland to grassland, 5,904 km?.
Note that about 31 % of the area corresponds to changes called “others” that consist in changes that are not linked to
deforestation processes (e.g., from open shrubland to savanna or to barren, from grassland to cropland, among others).
Curiously, about 17 % of the changes are from savanna and woody savanna to deciduous broadleaf forests. This transformation
between natural land covers in a short period (14 years) is unthinkable in the real world. The rapid and natural conversion to
deciduous broadleaf forests contradicts established ecological dynamics and is likely an artifact of the computation algorithms
of land cover maps (Liang and Gong, 2010; Cai et al., 2014). Following the terminology defined by Cai et al. (2014), these

implausible rapid transformations are named “illogical” in Fig. 2c.

2.2 The WRF model and its configuration

The numerical simulations were performed with the WRF model in its Advanced Research WRF (ARW) version 3.9
(Skamarock et al., 2008). The WRF was run with a horizontal grid spacing of 12 km and 38 vertical levels over a domain that
covers the southern part of South America, which includes the Gran Chaco (see Fig. 1). A lateral boundary relaxation zone
spanning ten grid-points was implemented, and spectral nudging within the domain was intentionally omitted to allow the
atmosphere more freedom in responding to surface forcing (Pohl and Crétat, 2014). The model physics configuration is
summarised in Table 1. The physical parameterisations follow the selection of schemes and options suggested by Lee (2010)
and Lee and Berbery (2012), who developed a comprehensive set of ten WRF simulations combining different surface layer
schemes, atmospheric boundary layer schemes, cumulus parameterization schemes, and microphysical schemes to identify the
configuration that exhibited the highest skill for southern South America. This optimal configuration was subsequently
employed in Miiller et al. (2014) to assess droughts and in Miiller et al. (2016) to evaluate the model's performance in short-
term forecasts. In both cases, the selected parameterisations were well-suited to represent the hydroclimate in South America.
The model was forced by the initial and 6-hr boundary conditions obtained from the National Centers for Environmental

Prediction (NCEP) Climate Forecast System Version 2 (CFSv2, Saha et al., 2014).

The WRF atmospheric component is coupled with the Noah-MP LSM (Niu et al., 2011), which solves the surface energy and
water balances linking the surface conditions with the atmosphere. Noah-MP is an improved version of the Noah LSM (Chen
et al. 1996; Chen and Dudhia, 2001), including multiple parameterisation options for selected physical processes (see selected
schemes in Table 2). Noah-MP comprises four soil layers with a thickness from top to bottom of 10, 30, 60 and 100 cm (2 m
total depth), and includes representations of the root zone, vegetation categories, monthly vegetation fraction, soil hydraulic
properties, among others. It simulates soil moisture, soil temperature, skin temperature, canopy water content, and the energy
flux and water flux terms of the surface energy balance and surface water balance. Different options of schemes for various

physical processes that are key in the soil-atmosphere interaction, are available in Noah-MP. These processes include dynamic

5



160

165

170

175

180

185

190

vegetation; canopy interception; soil moisture factor controlling stomatal resistance, b Factor; runoff and groundwater; surface
exchange coefficient for heat; and radiation transfer. The vegetation and soil components are closely coupled and interact with

each other via complex energy, water, and biochemical processes.

Noah-MP's thermodynamics resolves energy budgets and processes by separating the canopy layer from the ground surface
using the semitile subgrid scheme. Within this scheme, shortwave radiation transfer considers gap probabilities across the
entire grid cell, avoiding the overlap of shadows. Longwave radiation, latent heat, sensible heat, and ground heat fluxes are
independently calculated over two tiles: a fractional vegetated area (Fveg) and a fractional bare ground area (1 — Fveg),
where Fveg depends on leaf area index (LAI). Regarding the model hydrology, the multi-layer soil structure fed by
precipitation allows for the simulation of soil moisture dynamics (water movement and storage). In the vertical column, Noah-
MP considers processes such as infiltration, evaporation, transpiration, and groundwater recharge. It simulates the
redistribution of water within the soil profile, accounting for the interplay between precipitation input, soil moisture storage,
and water fluxes. The runoff in Noah-MP is constituted by surface and groundwater runoff. Surface runoff is mainly saturation-
excess, while groundwater runoff mainly depends on the depth of the water table. Further details on model thermodynamics

and hydrology are found in Chen and Dudhia 2001, Niu et al. 2011, and He et al. 2023.

Focusing on the representation of vegetation in Noah-MP, the LSM assigns a dominant land cover type to each grid point, and
this assignment remains constant over time (Li et al., 2013). In turn, each land cover is associated with a set of 15 biophysical
properties. The properties can either be values fixed on time or can vary seasonally or dynamically when vegetation dynamics
is activated. Our simulations enable vegetation dynamics, i.e., the model simulates changes in vegetation properties, such as
LAI, surface roughness, and other land surface characteristics, as they naturally evolve over the simulated period due to
seasonal changes and vegetation growth cycles. These dynamic properties allow the model to capture the seasonality of
vegetation and its impact on land-atmosphere interactions. By default, the model employs the land cover map derived from
MODIS, which classifies the land cover following the 21 categories proposed by the IGBP classification. Then, the land cover
changes in our experiments are implicitly imposed by the change of land cover map among the various ensembles. Noah-MP
simulates isolated columns, thus grid cells with changed land cover will exert a direct and immediate local impact on surface
fluxes, while surrounding grid cells will remain unchanged in the initial time-step. However, as Noah-MP is coupled to WRF,
the surface change generates horizontal gradients that give rise to advective processes, effectively facilitating nonlocal effects

of the LULCC:s.

2.3 Experimental design

Sensitivity experiments were performed to determine how LULCC in Dry Chaco may influence the regional hydroclimate.

Three sets of simulations (ensembles) were conducted for the same period (January 2014 to June 2016), using different land
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cover maps (see Fig. 3). Each ensemble has four members with identical parameterisations, with the only difference being the

initial conditions that are 24-hr apart, following the lagged average forecasting method (Hoffman and Kalnay, 1983).

The CONTROL ensemble employs the MODIS land cover map corresponding to 2015 (Fig. 2a). The PAST ensemble uses
the MODIS land cover map for the year 2001 (Fig. 4a). The FUTURE ensemble assumes an intensive agricultural expansion
within Dry Chaco (Fig. 4b), mimicking what could be expected in the future if current expansion trends are to continue in a
global-low scenario. This scenario considers a strong global market opening with low state regulation of LUCC, where the

conditions favour great agricultural expansion (Mosciaro et al. 2022).

The corresponding FUTURE land cover map is a modified version of the 2015 land cover map in which all crop/grassland
areas are expanded through a dilation process (Gonzalez and Woods, 1993). Dilation is a morphological method commonly
used in digital image processing to expand target areas by adding surrounding pixels to boundaries and filling gaps. In this
study, dilation is first applied to the crop category by adding ten lines, and subsequently, dilation is applied to grassland pixels
by the addition of five lines. In the resulting land cover map, croplands cover 29.4% while grasslands cover 19.1% of the Dry
Chaco area, meaning that the areas occupied by crops and pastures have been expanded by 5 and 2.5 times, respectively. Based
on the rate of change of the global-low scenario proposed by Mosciaro et al. (2022), which is ~7800 km?yr~1, the time horizon
of our FUTURE scenario is 2065.

The differences between the CONTROL and the PAST ensembles will be called the ‘observed LULCCs’ scenario
(OBS_LULCC). This scenario is employed to assess the impact of the land cover changes that occurred since 2001 on the
2014-2016 climate of the Dry Chaco. The differences between the FUTURE and the CONTROL ensembles are referred to as
a scenario of ‘agricultural intensification’ (AG_INT). This scenario is used to evaluate the response of the 2014-2016 climate
had there been a preceding large agricultural expansion in Dry Chaco. It is well known that land cover changes have been
extensive over the south of South America outside the Gran Chaco, so other effects may come into play affecting the climate

of Humid Chaco (Salazar et al., 2015), however these other factors are not part of the current study.

Lastly, there are two important aspects related to the 30 months long (2.5 years) simulation period. First, the validation of the
CONTROL ensemble involves a comparison of simulated and observed variables for the entire period. However, the evaluation
of changes has a specific focus on the austral summer season (DJF), encompassing the 2014/2015 and 2015/2016 summers,
when vegetation is highly active, and land-atmosphere interactions are intensified in the Gran Chaco ecoregion (Miiller et al.,
2021a). The first 11-months are dismissed from the analysis to avoid any spin-up issues and ensuring the stabilization of all
variables. Second, the simulation period includes an El Nifio event, developed between Sep 2014 and March 2016. However,
Cai et al. (2020) demonstrate that historical El Nifio events did not lead to significant precipitation and temperature anomalies

over the Gran Chaco. Moreover, Vera and Osman (2018) reported that the impact of the El Nifio 2015 event has been weakened
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by the Southern Annular Mode (SAM). Thus, the resulting differences among ensembles are directly attributed to the proposed

changes in land cover.

2.4 Evaluation datasets

The performance of the CONTROL ensemble is evaluated by comparing simulated precipitation, soil moisture, and 2m
temperature against observational data sets, either from satellite sources or gridded observations. The choice of these variables
serves a deliberate purpose. Temperature and precipitation, being truly independent variables with relatively low uncertainty
due to multiple monitoring sources, are commonly used in climate model validation (e.g., Sanchez et al. 2015, Ortega et al.
2021, Lovino et al. 2021, among others). Soil moisture is included in the evaluation due to its crucial role in land cover
dynamics and land-atmosphere interactions, although we acknowledge the uncertainty in its estimates based on remotely

sensed signals.

Three different precipitation datasets are employed. First, the NCEP’s Climate Prediction Center (CPC) Unified Gauge-Based
Analysis of Global Daily Precipitation (Chen et al., 2008; Xie et al., 2010). This dataset consists of daily rain gauge
observations interpolated to a 0.5° x 0.5° grid. The second dataset, also at 0.5° grid spacing, is the Climate Research Unit
(CRU) monthly precipitation dataset. The CRU TS v. 4.03 dataset is based on analysing more than 4000 meteorological stations
(Harris et al., 2020). Lastly, we use the monthly precipitation at 0.25° grid spacing from the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis version 5 (ERAS) (Hersbach et al., 2020). Note that the three datasets overlap

in their sources.

Soil moisture is assessed at two model layers: 0-10 cm and 0-100 cm. The top layer (10 cm) is compared against the Soil
Moisture Operational Products System (SMOPS; Liu et al., 2016). This product combines soil moisture retrievals from
multiple satellite sensors producing global soil moisture maps as a volumetric content near the surface (top 1-5 cm) at daily
intervals and at a 0.25° grid spacing (Liu et al., 2016). Observed and simulated near-surface soil moisture are compared in
terms of volumetric water content (m*m™) to minimise the impact of the thickness differences. The root zone soil moisture
(100 cm), crucial for vegetation growth, is evaluated with the operational product H14-SM-DAS-2 developed at the
EUMETSAT Satellite Application Facility on Support to Operational Hydrology and Water Management (HSAF). This
product gives estimates of root zone soil moisture at daily intervals on a 25 km x 25 km grid (Albergel et al., 2012).

Temperature is evaluated with two products: the CRU TS v. 4.03 global monthly surface air temperature data set and the ERAS
monthly temperature. They are provided at a grid spacing of 0.5° and 0.25° respectively.
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3 Model evaluation
3.1 Precipitation

The spatial pattern of the observation-based precipitation for the simulation period presents maximum values in southern
Brazil, eastern Paraguay, and northeastern Argentina (Figure 5a), where the precipitation rate is ~150 mm month™. This
magnitude gradually decreases westward to less than ~25 mm month™ on top of the Andes Mountains and the desert of
Atacama. The mean WRF precipitation field (Fig. 5b) reveals a similar spatial structure to the observations but with weaker
values in the wet part, where the model simulates less rainfall (see Fig. 5c). On the other hand, WRF simulates wetter conditions
over the Altiplano (high plateau in Bolivia). Wet anomalies over mountainous regions are often attributed to model limitations

and uncertainties in gridded observations and satellite estimates (Adam et al., 2006; Beck et al., 2017; Miiller et al., 2021).

Focusing on the Gran Chaco, the model simulations show almost no biases in the Dry Chaco and present dry biases of ~30-50
mm month™! in the Humid Chaco. The drier conditions arise from underestimated late summer and autumn rain, as shown in
Figure 5d. Conversely, WRF notably improves the estimation in winter (the dry season) and spring, showing almost the same
peaks as observations for all years. The correlation and the error estimates confirm the good performance of WRF in the Gran
Chaco. The monthly temporal correlation between the area-averaged observed and simulated precipitation is r=0.93 for the
Dry Chaco and r=0.85 for the Humid Chaco. The RMSEs are 21.6 mm month™! and 56.5 mm month™, respectively.
Interestingly, the ensemble spread reveals relevant uncertainty only during the first month of simulation, after which the
dispersion consistently remains in a narrow range, indicating that the model uncertainty is comparable or even smaller than

the observational uncertainty.

3.2 Soil Moisture

The SMOPS satellite estimate of near-surface soil moisture exhibits high values to the east and a decreasing gradient toward
the west (Fig. 6a), following the precipitation pattern. The simulated soil moisture content shows a remarkable spatial structure
and magnitude agreement in most of the domain, except over the Altiplano where the wet precipitation biases produce wet
soils (Fig. 6b). The resemblance is even more evident over the Gran Chaco (Fig. 6¢). In terms of temporal evolution, the area-
averaged simulated soil moisture presents similarities with SMOPS (r=0.61 for Humid Chaco and r=0.55 for Dry Chaco) but

with a slight systematic overestimation (Fig. 6g).

The simulated root-zone soil moisture also presents a notable overall resemblance to the HSAF satellite estimates, with slight
dry biases towards the east (Fig. 6d-¢). Focusing on the Gran Chaco, the area-averaged WRF soil moisture presents a similar
evolution to HSAF but with a systematic negative bias (Fig. 6g). This bias is explained by the differences in Humid Chaco,
where RMSE reaches 0.091 m*m?, likely in response to the underestimated precipitation (Fig. 5d). Instead, the Dry Chaco
presents a strong spatial agreement with HSAF (RMSE=0.035 m*m).
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Notably, the simulated time series of near-surface and root-zone soil moisture reveals minimal internal variability throughout
the entire simulation period. This consistency aligns with the findings of Sorensson and Berbery (2015), who observed that
the initialization of WRF/Noah-MP in wet months (January in our simulations) favours a rapid stabilization of soil conditions.

The limited internal variability of precipitation also contributes to the small ensemble members dispersion.

3.3 Temperature

The spatial distribution of the time-mean observed temperature shows a latitudinal gradient with maximum values over the
central-northern domain decreasing toward the south (Fig. 7a). The warmer region has an average temperature above 25 °C
that gradually decreases southward to less than 15 °C. The coldest region over the high-altitude Andes Mountains has average

temperatures below 5 °C.

Figure 7b shows that the simulated temperature's spatial pattern captures the observation-based products' main features in
terms of distribution and magnitude (Fig. 7c), especially in flat areas (see Fig. 1). In high-altitude regions, the model produces
cold biases. For the region of interest, WRF shows slight warm and cool biases (about +1 °C) in parts of Dry Chaco and Humid
Chaco, respectively. The simulated temperature evolution in the Gran Chaco closely aligns with observations (r=0.96 for
Humid Chaco and r=0.97 for Dry Chaco), with slightly higher seasonal variability (Fig. 7d). As for precipitation and soil
moisture, the simulated temperature presents insignificant sensitivity to initial conditions, reinforcing the robustness of the

model simulations.

4 Experiments’ results

This section examines the two scenarios (OBS_LULCC and AG_INT) presented in Section 2.3. In both cases, simulations
were carried out for 2014-2016 just changing the corresponding land cover maps, and the analysis is conducted during the
austral summer months (DJF). Throughout the analysis, we will refer to local effects as those that pertain to the grid points
within Dry Chaco that experienced LULCCs (purple grid cells in Figs. 4c-d). Non-local effects are those found at grid points
that did not undergo any land cover change in the remaining Dry Chaco area (blank areas in Fig. 4c). Lastly, remote effects
encompass those observed in the Humid Chaco area (blank areas within the blue limits in Fig. 4d). The subsections 4.1 and
4.2 focus on the description of the experiments’ results, while plausible interpretation of the process behind the changes is

offered in subsection 4.3.

4.1 Scenario OBS_LULCC: Actual LULC changes from 2001 to 2015

Almost 20 % of the Dry Chaco’s land cover changed from 2001 to 2015. Figures 8a-c show the changes in biophysical

properties that are particularly sensitive to the observed LULCCs: leaf area index (LAI), albedo, and stomatal resistance. The
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changes in properties are spread over the small fragmented areas that underwent LULCCs. The decrease in LAI, increase in
albedo, and reduction in stomatal resistance in the Dry Chaco’s centre-east, northeast, and west boundaries are associated with
deforestation processes (orange grid cells in Fig. 2c). On the other hand, other areas showing increases in LAI and stomatal

resistance, and decreases in albedo are not associated with deforestation as discussed in Section 2.1.2.

4.1.1 Effects on the energy budget

The changes in biophysical properties lead to the uneven distribution of positive and negative changes in the radiation fluxes
(Figs. 9a-c). The net radiation pattern is primarily influenced by variations in shortwave radiation, while changes in longwave
radiation are minimal due to negligible emissivity variations. On average, the areas that underwent local LULCCs experienced
a ~2 % reduction in net radiation, which aligns with the overall increase in albedo (Fig. 8b) and the consequent enhancement
of outgoing shortwave radiation. In the remaining areas of Dry Chaco, where land cover was not changed, positive and negative

changes up to =10 W m balance each other, resulting in a near-zero areal average.

The changes in net radiation alter the main components of the energy balance, i.e., the sensible heat flux and the latent heat
flux. The spatial distributions of sensible and latent heat fluxes play important roles in determining near-surface temperature.
Figures 9d-e reveal that changes in sensible heat and latent heat have a similar spatial pattern os but with opposite signs. . As
with the radiation terms, the changes are of the order of 10 W m™2. Furthermore, Fig. 9f shows that the deforested areas in the
northern and central eastern zones of Dry Chaco experience warming, while the southern area exhibits cooling. Both of these
changes can be attributed to variations in sensible heat flux. On average, the changes in net radiation lead to an average decrease
of -3.5 % in sensible heat at the local level and 0.6 % in the remaining Dry Chaco (Fig. 9e). Latent heat exhibits minor or
negligible changes over the whole Dry Chaco (Fig. 9d). Despite the presence of locally strong signals (up to +0,4 °C), the

spatially averaged temperature changes present a slight rise due to the compensatory warming and cooling effects.

4.1.2 Effects on the hydrological response

The changes in biophysical properties lead to overall drier conditions in Dry Chaco, with precipitation decreasing by about -
1.7 % on average. However, there is a significant spatial heterogeneity with precipitation changes ranging from -29 mm month-
!'to +35 mm month™!, even in areas that conserved the land cover (Fig. 10a). Soil moisture (Fig. 10b) follows the spatial pattern
of precipitation, with net negative changes in both local (-2.6 %) and non-local (-0.7 %) areas. Evapotranspiration also follows
the patterns of precipitation and soil moisture, although the net changes are negligible (see inset in Fig 10c). Note that stomatal
resistance is strongly reduced in deforested areas, which would facilitate plant transpiration and consequently higher
evapotranspiration. Our interpretation is that plants cannot take advantage of the open stomata due to the dry soils, given that
Dry Chaco is a region where soil moisture availability limits the evapotranspiration regime. The reduced precipitation and

drier soils end up affecting the total runoff, which presents a net reduction in the Dry Chaco of -2.1 % in local areas and -5.5
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% in non-local areas (Fig. 10d). These results suggest that the observed LULCCs in just 14 years can weaken the hydrological

cycle in Dry Chaco, leading this arid region to even drier summers.

4.2 Scenario AG_INT: Intensive expansion of the agricultural land

The changes in surface properties in the OBS LULCC scenario have a granular structure that illustrates the realistic ways
deforestation progresses. Unlike the OBS LULCC scenario, the AG_INT scenario shows changes in LAI, albedo, and stomatal
resistance that exhibit spatial continuity, consistent with the assumed idealised LULCCs. In this AG INT scenario, the
expansion of crops and grasslands covers 64 % of the Dry Chaco. Figs. 11a-c illustrate that replacing native vegetation with
grasslands and croplands leads to a general reduction in LAI and stomatal resistance, as well as an increase in albedo.
Interestingly, the anthropisation of certain native covers results in “greener” conditions, in line with the prescribed values of
the biophysical properties applied by the LSM. For instance, Noah-MP prescribes a higher LAI for grassland (1.7) than open
shrubland (1.6).

4.2.1 Effects on the energy budget

The intensive expansion of agriculture simulated in Dry Chaco resulted in an overall decrease in net total radiation, which is
reduced by -9.5 % (Fig. 12c). This reduction is primarily due to changes in shortwave radiation (Fig. 12a). Areas where
LULCC:s are imposed present higher albedo (Fig. 11b), reducing the net shortwave radiation by -15.6 % (Fig. 12a) due to the
increased outgoing shortwave radiation. Changes in LAI, longwave radiation, and near-surface temperature follow similar
patterns (Figs. 11a, 12b, and 12f). In the southwest, where LAl is increased, there is a decrease in net longwave radiation and
cooler near-surface temperature. Conversely, regions with reduced LAI in the rest of Dry Chaco result in increased net
longwave radiation and warmer temperature. This can be explained by the reduced vegetation cover, which diminishes shading
and leads to surface warming and increased outgoing longwave radiation. The opposite effect occurs in areas with higher LAI.
Although area-averaged values at local level tend to be small due to compensating positive and negative changes, temperature
changes can reach values of up to 0.6 °C. It is worth noting that the overall reduction in net total radiation is also evident in
the generally weaker turbulent surface fluxes (Fig. 12d-e). Latent heat decays by -4.2 %, while sensible heat decreases by -11

% on average.

The agricultural expansion imposed in Dry Chaco has weak remote effects on the energy budget of Humid Chaco (Fig. 12).
The net radiation presents a slight increase consistent with the overall rise in the net shortwave radiation (Fig. 12a-c). The
spatial pattern of changes in latent heat and sensible heat are similar but of opposite signs, with latent heat decreasing by -1.1
% and sensible heat increasing by 2.7 % (Figs. 12d-e). The near-surface temperature shows a slight warming that can be with

increased sensible heat (Fig. 12f).
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4.2.2 Effects on the hydrological response

The extensive expansion of crops and grasslands in Dry Chaco results in generally drier summers in the Gran Chaco (Fig. 13).
The areas that experienced direct LULCCs (local effects) present a decay in summer precipitation of -7 % on average, and -
9.3 % in soil moisture. The overall drier soils cause a reduction in evapotranspiration of -4.2 % with a spatial distribution of
changes similar to those observed for precipitation and soil moisture, except in the southeast of the Dry Chaco. Similarly,
runoff is reduced by -5 % on average. While the average reductions in water balance components represent less than 10 % in
magnitude, nearly half of the area with LULCCs exhibit significant negative changes of approximately -30 %. These substantial

changes have the potential for a significant impact on the region, considering its arid nature.

The overall remote effects in the Humid Chaco region result in drier summers, similar to those observed in Dry Chaco but
with lesser intensity (Fig. 13). The changes in precipitation indicate a general tendency towards increased dryness in most parts
of the Humid Chaco, except for isolated areas experiencing significant increases (Fig. 13a). On average, summer precipitation
decreases by -4 %, although there are areas with changes of up to 30 mm month!. These changes in precipitation are
accompanied by corresponding patterns in soil moisture, which also show a slight average decrease of about -1.2 % (Fig. 13b).
Furthermore, evapotranspiration experiences an average reduction of -1.1 %, with localised decreases of up to -8 % in specific
parts of the Humid Chaco. The overall drier conditions contribute to a reduction in runoff by about -6.2 % on average.
Interestingly, this reduction is greater in the Humid Chaco than the Dry Chaco (-4.5 %). In summary, our results suggest that
the expansion of agriculture in Dry Chaco intensifies the aridity of this already dry region and extends drier conditions into

the Humid Chaco.

4.3 Process-based analysis

The results of the experiments consistently demonstrate that agricultural expansion in the Dry Chaco region leads to drier and
warmer summers, regardless of the magnitude of the agricultural expansion. It is always a challenge to elucidate the processes
that explain a specific change in a given variable due to the several factors acting together, as shown in the Fig. 1 of Santanello
et al. (2018). Thus, our goal is to identify the most relevant mechanisms that explain the effects of LULCCs in Gran Chaco
hydroclimate, while acknowledging that other processes may also have certain impact on our results. Figure 14 presents a

schematic diagram summarising our interpretation of the key processes involved.

The intensification of agriculture in the Dry Chaco region brings about significant variations in biophysical properties,
particularly LAI and albedo. While stomatal resistance is also greatly reduced, which would facilitate plant transpiration, its
impact remains limited due to the water-limited regime. Consequently, the main focus lies on the effect of reduced LAI leading
to increased surface temperature due to decreased vegetation radiation sheltering. This rise in temperature increases the

outgoing longwave radiation, resulting in a decrease in net longwave radiation. Conversely, the increased albedo decreases the

13



415

420

425

430

435

440

net shortwave radiation by reflecting a greater portion of incoming shortwave radiation. These changes in the energy budget
consequently lead to a reduction in net surface radiation, aligning with the feedback mechanisms proposed by Eltahir (1998),

Seneviratne et al. (2010), and Santanello et al. (2018).

The changes in net surface radiation are counterbalanced by the sum of latent and sensible fluxes, with soil heat flux considered
negligible over longer time periods. Thus, the decrease in net radiation is equivalent to a decrease in the combined latent and
sensible heat fluxes. This total energy flux from the land surface into the atmosphere represents the moist static energy (MSE),
characterising the overall energy within the atmospheric boundary layer. Consequently, a reduction in net radiation, and
therefore, a decline in available energy at the land surface, can be associated with less energetic conditions in the boundary
layer. This, in turn, influences the dynamics of the planetary boundary layer and diminishes the generation of convective
precipitation (Eltahir and Pal, 1996; Eltahir, 1998). Our interpretation is that the reduced energy in the atmosphere combined
with the reduced precipitable water (PW, not shown) contributes to the overall stabilization of the boundary layer, resulting in
less convective rainfall. This decrease in precipitation subsequently contributes to a decline in soil moisture. This creates a

feedback loop since dry soil absorbs significantly less solar radiation than moist soil.

5 Discussion

The significant deforestation in the Dry Chaco, driven by agricultural expansion, is widely recognized and several studies
focused on its causes and environmental consequences. This study goes beyond by exploring how the dominant LULCCs in
the Dry Chaco from 2001 to 2015 impact on the regional hydroclimate, and the potential non-local effects that may develop
in Humid Chaco if the intensive agricultural expansion within Dry Chaco continues. To this end three ensembles of four
simulations using different land cover maps were conducted using the WRF model from January 2014 to June 2016. While
longer simulations could offer understanding under diverse large-scale atmospheric conditions, the length of these high-
resolution simulations (determined by the computational capacity) provides valuable insights for assessing the land-
atmosphere processes, which occur on daily to monthly time scales. The first ensemble employed the MODIS land cover map
corresponding to 2015 (CONTROL). The second one used the MODIS land cover map corresponding to 2001 (PAST). The
third one employed a modified version of the 2015 land cover map where the existing crop and pasture areas in 2015 within

Dry Chaco were expanded (FUTURE).

The performance of the CONTROL simulation was assessed by comparing simulated precipitation, near-surface and root zone
soil moisture, and 2-m temperature with gridded observations or satellite estimates. Other variables (radiation, heat fluxes,
runoff, etc) could be included in the evaluation. However, their derivation involves algorithms or models with inherent
approximations and uncertainties, which cannot be verified by in-situ measurements given the lack of field observations of

non-conventional variables in the Gran Chaco region. Thus, the validation of such variables would be reduced to a comparison
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between tow disparate estimates without the inclusion of ground truth. The evaluation of the selected variables demonstrates
good skills of the WRF Model for the region of interest. Simulated precipitation shows a marked resemblance with observations
in Gran Chaco, with minor negative biases in the Humid Chaco. Near-surface and root-zone soil moisture closely matches the
products derived from remotely sensed data in the Gran Chaco, although, consistent with negative precipitation biases, drier
biases are observed in the Humid Chaco. The correlation coefficients for near-surface temperature indicate a strong agreement
with observations in the Gran Chaco, although with somewhat larger seasonal variability. These results reinforce the
effectiveness of the WRF model and the selected parameterisations in simulating southern South America hydroclimate,
aligning with the results of our prior research efforts (Lee and Berbery, 2012, Miiller et al. 2014, Sorensson and Berbery 2015,
Miiller et al. 2016).

The MODIS maps reveal that the dominant land cover categories in the Dry Chaco include savanna, woody savanna, forest,
grassland, shrubland, and cropland. Over the period from 2001 to 2015, land cover changes were observed in 18% of the entire
Chaco region. These changes can be categorised as deforestation (52 %), illogical (17 %), and other (31 %). Agricultural lands,
specifically cropland and grassland, experienced a sustained increase in the region particularly until 2007. Land cover changes
due to deforestation processes, primarily characterized by the loss of woodlands, have been observed along the central-cast,
northeast, and western boundaries of the Dry Chaco, consistent with the finding of recent studies (Maertens et al. 2021,
Mosciaro et al. 2022). The changes were observed in small fragmented areas, with deforestation primarily associated with
decreases in LAI, increases in albedo, and reduced stomatal resistance. These findings align with other studies (e.g., Jiang et
al. 2021), which reported that deforestation leads to lower LAI and higher surface albedo. In other areas where different land
cover changes occurred (from open shrubland to barren, from grassland to cropland, among others), some biophysical

properties show opposite trends, resulting in a heterogeneous pattern of property changes.

The simulations show that the heterogeneous LULCCs from 2001 to 2015 and the associated changes in biophysical properties
led to uneven distribution of positive and negative changes in radiation fluxes, particularly affecting net radiation, sensible
heat flux, and latent heat flux. While there were average reductions in net radiation and sensible heat at the local level, latent
heat changes were minor. Spatially, changes in sensible heat influenced near-surface temperature, leading to warming in
deforested areas and cooling in areas with other LULCCs. The changes in biophysical properties and in the energy budget also
affected the water cycle, resulting in overall drier conditions in the Dry Chaco. Precipitation exhibited significant changes,
with both decreases and increases observed in different areas. Soil moisture followed the pattern of precipitation, displaying
net local negative changes. The changes in precipitation and soil moisture are reflected in the evapotranspiration and the total
runoff, all experiencing net negative changes. The findings suggest that the observed land cover changes weakened the water

cycle in the Dry Chaco, contributing to drier summers and increased vulnerability to extreme events in this arid region.
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At present, there is no indication that deforestation will slow down. Assuming a scenario of strong global market opening with
minimal regulation (Mosciaro et al. 2022), we designed a set of simulations where agricultural expansion of the existing
agricultural areas within Dry Chaco and evaluated the possible consequences for the regional climate. Consistent with the
effects observed in the OBS LULCC scenario, a general decrease in LAI and stomatal resistance, and an increase in albedo
was observed at the local level. The expansion of agriculture in the Dry Chaco region resulted in significant changes in the
energy budget, with further reductions in net radiation and weakening of the turbulent surface fluxes. These changes had local
effects on the water cycle, causing drier conditions with decreased precipitation, soil moisture, evapotranspiration, and runoff.
The extensive expansion of crops and grasslands in the Dry Chaco led to generally drier summers in the simulations,
particularly in areas that experienced land use and land cover changes, with significant reductions in precipitation, soil
moisture, evapotranspiration, and runoff. In this context, the aridity of the already dry Dry Chaco region is further intensified,
with potential implications for its ecosystems and water resources. Furthermore, the expansion of agriculture has remote effects
on the Humid Chaco, extending the drier conditions into this region, although to a lesser extent than the Dry Chaco. These
findings highlight the complex interactions between land use, land cover changes, and the energy and water cycles,
emphasising the need for sustainable land management practices in the Chaco region to mitigate the impacts of agricultural

expansion and preserve these ecosystems' ecological and hydrological integrity.

Lastly, we acknowledge the inherent uncertainties associated with models that may limit the full representation of complex
physical processes related to deforestation. However, we highlight that climate models offer distinctive advantages, including
the ability to maintain physical consistency within the Earth System, simulate a wide range of processes, and facilitate
controlled experiments by modifying initial and boundary conditions. These features make climate models the only tool
capable of exploring the intricate chain of processes affected by changes in initial and boundary conditions, an analysis that
cannot be replicated using observed data or reanalysis. Moreover, the minimal internal variability of the WRF simulations,
coupled with the high level of skill of the WRF model in simulating fundamental variables —a recognition echoed in prior
studies— strengthens our confidence in its ability to capture underlying processes. Thus, our experiments provide a valid and

unique approach to analyzing the sensitivity of land-atmosphere physical interactions to different land cover scenarios.

6 Concluding remarks

Our investigation demonstrates that (a) the WRF model exhibited strong performance, effectively simulating fundamental
variables in the Gran Chaco, reinforcing its reliability for assessing land-atmosphere processes. Additionally, the remote sensed
data shows that the predominant form of LULCC:s in the Dry Chaco since 2000 involves the conversion of natural vegetation,
primarily woodlands and forests, into agricultural patches in lands adjacent to previously deforested areas, typically along the

central-east, northeast, and western boundaries of the Dry Chaco.
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The observed LULCCs from 2001 to 2015 modifies the biophysical properties, affecting the energy and water budget in Dry
Chaco summers. The simulations indicate an average reduction of net surface radiation and surface energy fluxes, which in
turn, lead to a hydrological response of the water cycle with overall drier conditions. Although changes in hydroclimate

variables are found in the entire Dry Chaco, they are larger on areas that undergo land cover changes.

Simulations assuming continued agricultural expansion in the Dry Chaco, indicate further reductions in net radiation and
turbulent surface fluxes and drier conditions, with the noteworthy outcome of extending these impacts remotely into the Humid
Chaco. Thus, the expansion of agriculture alters the regional hydroclimate through local, non-local, and remote changes of
different magnitudes. Although our simulations are subject to uncertainties, the results suggest that the current land-use
practices over Dry Chaco may have not be sustainable in the long-term, as it exposes an already arid and hot region to even

drier and warmer conditions, increasing its vulnerability to extreme events.
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Parameter

Description

Region Southeastern South America
Grid resolution 12 km

Grid size 320 x 283 grid points

N° of vertical levels 38

Period January 2014 — June 2016
Integration time step 60 s

Dynamic solver ARW

Boundary conditions
Microphysics
Cumulus convection
Surface layer

Land surface model
Planet boundary layer
Shortwave radiation
Longwave radiation

CFSv2 (Saha et al. 2011)

Eta (Ferrier) (Rogers y otros, 2001)

Betts-Miller-Janjic scheme (Janjic, 1994, 2000)

MMS5 Monin-Obukhov scheme (Jiménez et al, 2012)
Noah-MP (Niu et al., 2011)

No boundary-layer

Dudhia scheme (Dudhia, 1989)

Rapid Radiative Transfer Model (Mlawer y otros, 1997)

735 Table 1. Summary of WRF configuration.
Parametrization Selected Option
Land cover classification MODIS - IGBP 21 Categories
Stomatal resistance Ball-Berry (Ball et al. 1987)
Surface layer drag coefficient calculation Monin—Obukhov (Brutsaert, 1982)
Soil moisture factor for stomatal resistance Noah type (Chen and Dudhia, 2001)
Runoff and groundwater TOPMODEL with groundwater (Niu et al. 2011)
Supercooled liquid water Standard freezing point depression (Niu and Yang 2006)
Soil permeability Linear effect, more permeable (Niu and Yang 2006)
Radiative transfer Modified two-stream
Ground surface albedo CLASS (Canadian Land Surface Scheme) (Verseghy, 1991)
Precipitation partitioning between snow and rain Jordan (Jordan, 1991)
Soil temp lower boundary condition TBOT at 8 m from input file
Snow/soil temperature time scheme Semi implicit
Table 2. NOAH-MP selected parametrization.
740

24



745

-10°

Study region, domain, and topography [m]

-15°-
-20°
_25°4
-30°

-35°1

80° -75° 70° -65° -60° -55° 50° 45° 40° -35°

2 400 800 1200 1600

Figure 1: Model domain and topography. The coloured lines highlight the Gran Chaco subregions: Dry Chaco (red)
and Humid Chaco (green).
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750 Figure 2: (a) 2015 MODIS land cover map using IGBP classification. (b) Temporal evolution of land cover in Dry
Chaco. For simplicity land cover types are aggregated in fewer classes (see text). (¢c) LULCCs in Dry Chaco. (d)
Quantification (in 1000 km?) of LULCCs in Dry Chaco from 2001 to 2015. The cell shade is proportional to its value.
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Figure 4: Land cover map of (a) the PAST and (b) the FUTURE ensemble, and (c-d) their respective differences with
the land cover map of the CONTROL ensemble.
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Figure 5: Time average of (a) the observed precipitation (mean between WFDEI, CRU, and CPC), (b) the
760 CONTROL ensemble precipitation, and (c) their differences. (d) Precipitation time series averaged in the Gran
Chaco region. The bands represent the dispersion among observational (grey) and ensemble members (pink), while
the solid lines depict their respective means.
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Figure 6: Time average of near-surface soil moisture for (a) the SMOPS product, (b) the CONTROL ensemble, (c)
765

their differences, and time average of DJF root-zone soil moisture for (d) the HSAF product, (¢) the CONTROL
ensemble, and (f) their differences. (g) Observed and simulated soil moisture time series averaged over the Gran

Chaco. The pink band represent the dispersion among ensemble members, while the solid red line depicts the
respective mean.
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770 Figure 7: Time average of (a) the observed 2m temperature, (b) the CONTROL ensemble 2m temperature, and (c)
their differences. (d) Temperature time series averaged over the Gran Chaco. The bands represent the dispersion
among observational (grey) and ensemble members (pink), while the solid lines depict their respective means.
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Figure 8: Differences in the biophysical properties for the OBS_LULCC scenario (CONTROL-PAST): (a) LAL (b)
775 albedo, and (c) stomatal resistance. Opacity was used in all panels to highlight the region of interest.
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Figure 9: Differences in the summer energy budget components in the OBS_LULCC scenario (CONTROL-PAST):

(a) net shortwave radiation, (b) net longwave radiation, (c) net radiation, (d) latent heat, (e) sensible heat, and (f) 2m
temperature. Opacity was used to highlight the region of interest. The boxplots in the insets show the percentage

780  differences of grid cells with land cover changes (Local) and without land cover changes in Dry Chaco (Non-Local).
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Figure 10: Differences in the summer water budget components in the OBS_LULCC scenario (CONTROL-PAST):
(a) precipitation, (b) soil moisture, (c) evapotranspiration, and (d) runoff. Opacity was used to highlight the region of
interest. The boxplots in the insets show the percentage differences of grid cells with land cover changes (Local) and
785 without land cover changes in Dry Chaco (Non-Local).
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Figure 11: Differences in the biophysical properties for the AG_INT scenario (FUTURE-CONTROL): (a) LAIL (b)
albedo, and (c) stomatal resistance. Opacity was used in all panels to highlight the region of interest.
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(a) Net shortwave radiation [W m?]

(b) Net longwave radiation [W m?]

(c) Net radiation [W m?]
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790  Figure 12: Differences in the summer energy budget components in the AG_INT scenario (FUTURE-CONTROL):
(a) net shortwave radiation, (b) net longwave radiation, (c) net radiation, (d) latent heat, (e) sensible heat, and (f) 2m
temperature. Opacity was used to highlight the region of interest. The boxplots in the insets show the percentage
differences of grid cells with land cover changes in Dry Chaco (Local) and over the Humid Chaco (Rem).
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(a) Precipitation [mm month"] b) Root-zone soil moisture [mm]
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(c) Evapotranspiration [mm month'W] (d) Runoff [mm month"]
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795 Figure 13: Differences in the summer water budget components in the AG_INT scenario (FUTURE-CONTROL): (a)
precipitation, (b) soil moisture, (c) evapotranspiration, and (d) runoff for Past experiment. Opacity was used to
highlight the region of interest. The boxplots in the insets show the percentage differences of grid cells with land

cover changes in Dry Chaco (Local) and over the Humid Chaco (Rem).
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800  Figure 14: Schematic diagram of the possible land-atmosphere feedback pathway caused by agricultural expansion.
Upward arrows represent increases, while downward arrows depict decreases.
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