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Abstract: The land surface is an important component of numerical weather and climate forecast
models due to their effect on energy–water balances and fluxes, and it is essential for forecasts on
a seasonal scale. The present study aimed to understand the effects of land surface processes on
initialization of seasonal forecasts in the austral spring, in particular soil moisture. We built forecasts
with the Brazilian global Atmospheric Model hindcast from 2000 to 2010, with a configuration similar
to those used in the operational environment. To improve it, we developed a new initial condition
of the land surface using the Land Information System over South America and the Global Land
Data Assimilation System for the rest of the globe and used it as the input in the forecast model.
The results demonstrated that the model is sensitive to changes in soil moisture and that the new
high–resolution soil moisture dataset can be used in model initialization, which resulted in an increase
in the correlation of precipitation over part of South America. We also noticed an improvement in
the representation of surface fluxes and an increase in soil moisture content and specific humidity at
medium and low levels of the atmosphere. The analysis of the coupling between the land surface and
the atmosphere showed that, for Central Brazil, the states of the continental surface define the surface
fluxes. For the Amazon and La Plata Basins, the model did not correctly represent the coupling
because it underestimated the soil moisture content.

Keywords: initialization; land surface; soil moisture; seasonal forecast; Brazilian global Atmospheric
Model

1. Introduction

Forecasting at sub–seasonal and seasonal scales is essential for planning various so-
cioeconomic activities. Most of the Brazilian energy system is associated with hydroelectric
generation, which corresponds to 53.7% of the energy generation [1]. Another activity
that benefits from these forecasts is agribusiness, whose share in Brazil’s Gross Domestic
Product (GDP) in 2021 represented approximately 27.6% of national production [2].

The most–relevant information for seasonal forecasting comes from boundary condi-
tions with slow variations. and the main source of seasonal predictability is the El Niño
Southern Oscillation (ENSO) [3]. In addition to the ENSO, other mechanisms linked to Sea
Surface Temperature (SST) influence South America [4]. For SST forcings, the predictive
ability is greatest in the tropics, a region where natural variability is comparatively low and
the atmosphere responds strongly to SST and decreases at mid– and high–latitudes, where
natural variability is high and the tropical SST signal is attenuated [3].

In addition to SST, soil moisture has a significant memory since the states of the
land surface vary more slowly than the atmospheric states, with their peak of influence
reached in the interval of one to several weeks, thus becoming a potential predictor in the
sub–seasonal and seasonal scales [5–7]. Studies have shown that soil moisture plays an
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important role in forecasts at the seasonal scale [8,9], as an adequate initialization of energy
and water reserves by forecasting models is essential [10] due to its effects on surface energy
fluxes and water balance through the evapotranspiration process and heat fluxes [11,12].
The greatest impacts of soil moisture on precipitation generally occur in transition zones
between humid and arid climates [13].

The climatology of circulation and seasonal precipitation in South America demon-
strates the existence of a monsoon regime over part of the continent [14], with wet and dry
periods in a wide area between the Equator and 20◦ S [15] with the peak of the rainy season
in central Amazonia during the austral summer [16]. For the Indian Monsoon, studies
have shown that the soil moisture content can advance or delay the onset of the rainy
season [17]. For South America, Collini et al. [18] demonstrated that reductions in soil
moisture influence convective instability and moisture flux convergence and then impact
the precipitation at the beginning of the rainy season. Grimm et al. [19] demonstrated that
the austral spring has an inverse correlation with the precipitation in the austral summer
in Central–Eastern Brazil. Still, some regions of South America stand out for presenting
greater coupling between the land surface and the atmosphere (north of the continent, the
North and Northeast regions of Brazil [9,20], which makes the interactions between these
two particularly important components for the climate scale, and therefore, their correct
representation in climate models is necessary [21].

General circulation models have been used in climate simulations to study climate
variability, climate change, and seasonal forecasting and also to examine their abilities to
describe the main characteristics of the atmosphere [22]. The global atmospheric model
of the Center for Weather Forecast and Climatic Studies of the National Institute for
Space Research (CPTEC/INPE) has been used operationally in the production of seasonal
forecasts with forecasts and quarterly forecasts. Baker et al. [21] suggested that the low
water content in the soil of the Amazon region, simulated by the CPTEC global model,
leads to an erroneous coupling between the land surface and the atmosphere.

Given the challenges for seasonal forecasting at mid–latitudes, the role of the land
surface as a forecasting source on this time scale, the transition from the dry to the rainy
season during the austral spring in the central region of South America, and the need for
improvement in the surface processes of the CPTEC global model, the main objective of this
study was to evaluate how seasonal forecasts of the CPTEC global model respond to a more
realistic condition in the initialization of soil moisture during the pre–rainy season of the
South American Monsoon System (SAMS). To fulfill this objective, the following questions
were established: (1) Does a more realistic initial condition of soil moisture improve the
predictive ability of precipitation? (2) What is the impact on surface fluxes? (3) How do
surface fluxes affect the circulation pattern? (4) Is the model capable of capturing land
surface processes?

2. Materials and Methods
2.1. Description of the Global Model

The Brazilian global Atmospheric Model (BAM) was developed at CPTEC/INPE to
provide time/extended forecasts. Its first version (BAM–1.0 [23]) replaced the previous
version of the CPTEC Atmospheric General Circulation Model (AGCM–CPTEC [22]), and
its current version (BAM–1.2 [24,25]) has been operational since 2020 and also produces
climate forecasts.

The BAM is a global–scale model, with triangular truncation at the zonal wave num-
ber 126 and 42 vertical sigma levels (T0126L42) and approximately a 105 km horizontal
resolution near the Equator (about 1◦ × 1◦). The primitive equations are discretized us-
ing the spectral method and the hydrostatic approximation. The model uses the land
surface scheme, the Integrated Biosphere Simulator (IBIS–CPTEC [26]), and Willmott’s
climatology [27] for soil moisture. A complete description of the BAM, Version 1.2, and
its physical components was provided by Coelho et al. [25], which demonstrated that
the model reproduces the main climatological features for seasonal forecasts for the four
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seasons of the year, despite some biases in relation to the ERA5 reanalysis [28]. A summary
of the main BAM specifications used in this study is presented in Table 1.

Table 1. BAM configuration.

Spatial resolution T0126L042
Initial condition ERA–Interim [29]
SST and ozone ERA–Interim [29]

Dynamics Eulerian (spectral) [23]
Deep convection Simplified Arakawa and Schubert [30]

Shallow convection Tiedke [31]
Microphysics Morrison [32]

Longwave radiation CLIRAD–LW [33]

Shortwave radiation CLIRAD–SW [34] modified by
Tarasova et al. [35]

Planetary boundary layer Moist diffusion scheme [36]
Land surface IBIS–CPTEC [26]
Soil moisture Willmott’s climatology [27]

2.2. Numerical Experiments

The present study made retrospective forecasts in an environment similar to those that
would be executed in real–time. The seasonal forecasts generated with the BAM used the
persistent SST anomaly and initial atmospheric conditions from the ERA–Interim reanalysis
for a period over 11 years (2000 to 2010), with 1 initialization for the austral spring, for
consecutive days from 8 to 22, executed at 00 UTC for the four synoptic times (00, 06, 12,
and 18 UTC), that is they were based on a set with 15 integrated members for approximately
145 days over 11 years (Table 2). Likewise, as is done in the operational environment of
CPTEC, the initial forecast period (month of the initial condition and the current month)
was discarded, focusing on the last 90 days, which represent the period of interest for each
execution, that is July and August were discarded, with the aim of September, October, and
November (SON). The atmospheric variables needed to initialize the model are: meridional
and zonal wind, specific humidity and virtual temperature at 23 vertical levels between
1000 and 1 hPa, and surface pressure. The chosen ERA–Interim resolution was 1.5◦ × 1.5◦,
which was interpolated to the spectral resolution of the model. Two experiments were
carried out: (1) a Control experiment (BAM CTRL) and (2) an experiment with new Soil
Moisture in the initial condition (BAM SM).

Table 2. Experiment design.

SST Persistent SST anomaly
Ensemble 15 members

Initialization July
Lead-time SON

Period 11 years

2.3. Production of a New Soil Moisture Field

The BAM SM experiment used the innovative soil moisture field of the South Ameri-
can Land Data Assimilation System (SALDAS) [37]. Land states (Land Data Assimilation
Systems (LDAS)) with regional dominance over South America were provided and incor-
porated into the Land Information System (LIS) [38]. The LIS was implemented to run
with the IBIS surface model decoupled from the BAM global model, with a resolution of
10 km, and outputs every 3 h. For the process of making these new initializations, Princeton
atmospheric forcing [39] was used from 1969 to 2000, totaling a spinup of 30 years. As of
January 2000, the Global Data Assimilation System (GDAS) [40], Integrated Multi–satellite
Retrievals for GPM (IMERG) [41], and Clouds and the Earth’s Radiant Energy System
(CERES) [42] were used as atmospheric forcings. The new global field of soil moisture
was established by placing the output of SALDAS in the field of the Global Land Data
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Assimilation System (GLDAS) [43]; that is, in the domain of South America, we have
SALDAS and, in the rest of the globe, GLDAS.

2.4. Reference Datasets

The following references were used for model evaluation: the Global Precipitation
Climatology Project (GPCP [44]) for precipitation, ERA5 reanalysis for atmospheric circu-
lation and specific humidity, and ERA5–Land reanalysis [45] for sensible and latent heat
fluxes, precipitation, evapotranspiration, soil moisture (0–7 cm), and air temperature at 2 m.
As a reanalysis, ERA5–Land theoretically occupies an intermediate position between obser-
vations and pure simulation and may provide insights over regions where observational
data are unavailable, such as areas of the Amazon region [21].

2.5. Land–Atmosphere Coupling Metrics

The strength of the coupling between the land surface and the atmosphere over
three regions of South America (Figure 1) was estimated based on 5 methods, similarly
to that presented by Baker et al. [21]: (1) Terrestrial Coupling Index (TCI) [46], used to
estimate the response of surface fluxes to changes in the land surface; (2) the Temperature–
Evapotranspiration Metric (T ET), used to infer whether evapotranspiration is controlled by
the availability of moisture on the land surface [47,48]; (3) Zeng’s Gamma (ZG), providing
the coupling force between the land surface and precipitation [49]; (4) Betts’ approach [50],
providing a graphical representation of the relationships between climate variables in a
domain of interest; (5) the Two–Legged coupling metric (TL), where the coupling analysis
is divided into two parts: the first, referring to the land surface (TCI), the second, related to
the atmosphere. The product between the two components results in the complete feedback
of the interaction between the land surface and atmosphere [13,21,46,51].

Figure 1. Mean annual precipitation (2000–2010) (a) and mean seasonal precipitation for SON (2000–
2010) (b) over South America. The boxes represent the areas selected for this study: (1) Central Brazil,
(2) Amazon Basin, and (3) La Plata Basin.

2.6. Areas of Interest

Given that changes in soil moisture initialization were concentrated in South America,
the metrics for evaluating precipitation and coupling were analyzed over three specific re-
gions: (1) Central Brazil (60◦ W–50◦ W/20◦ S–10◦ S); (2) Amazon Basin (70◦ W–60◦ W/8◦ S–
2◦ N); (3) La Plata Basin (60◦ W–50◦ W/35◦ S–25◦ S) (Figure 1).

The impact of soil moisture can be decisive to evaluate these regions during the
beginning of the rainy season. Region 1 was chosen based on the work by Gan et al. [15],
who proved its importance for detecting the beginning of the SAMS rainy season, and
also, it is an area with strong land–atmosphere coupling [21]. Region 2 is located in a
transition area between the southwest of the Amazon Basin, which has higher volumes of
precipitation during the austral summer, and the northwest of the Amazon, which records
its peaks of precipitation during the austral winter [52]. Finally, Region 3 is located in an
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area of the continent that presents a precipitation dipole characteristic during the rainy
season when compared to the South American Convergence Zone (SACZ) configuration
range [53]. These regions also present distinct features of the precipitation regime and the
influence of the ENSO. While Regions 1 and 2 have a high seasonality of precipitation,
Region 3 has a more homogeneous distribution throughout the year [54]. In addition,
Regions 2 and 3 are found in areas with opposite effects related to the ENSO, while Region
1 has a small effect [55], which suggests that land–atmosphere interactions become even
more important in this area. The boxes were constructed so as not to overlap, to be of
equivalent size, and to represent areas with more evident signs, and for these reasons,
Boxes 2 and 3 do not exactly correspond to the total area of their respective basins.

3. Results
3.1. Forecast Ability for Precipitation

Figure 2 presents the seasonal climatology of precipitation (Figure 2a,b), the clima-
tological bias (Figure 2c,d), the Root–Mean–Squared Error (RMSE) (Figure 2e,f), and the
correlation of anomalies (Figure 2g,h), having the GPCP as a reference, for the period of
austral spring over South America for the BAM CTRL (first column) and BAM SM (second
column) experiments.

In the maps of mean seasonal precipitation (Figure 2a,b), it can be seen that the model
reproduced the maximum precipitation associated with the action of the Intertropical
Convergence Zone (ITCZ) and SACZ well. Although the main precipitation patterns were
well represented by the model, areas in the northwest, central, and southern portions of
South America, as well as in the adjacent ocean and the Equatorial Pacific are noted to have
an underestimation of precipitation, while for the north and extreme south of the continent
and in the Equatorial Atlantic, there was an overestimation.

For the BAM SM experiment, an increase in precipitation volumes was observed,
more broadly in Northern South America and an increase in bias (Figure 2d), and also, in
the ITCZ configuration region, in the Atlantic Equatorial, the highest precipitation values
extended over a larger area, while the associated bias and RMSE were restricted to a
smaller area than that observed in the BAM CTRL. The increase of precipitation in a small
area of the southeastern portion of Brazil for the BAM SM was also observed, with the
corresponding increase of the area with a positive bias and a decrease of the RMSE over
this region. Furthermore, a decrease in the bias and RMSE was observed in the Equatorial
Pacific, while for a small area in Southern Brazil, only the RMSE decreased.
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Figure 2. Metrics for precipitation over South America for the austral spring. The maps show the
mean accumulated precipitation (a-b), the bias (d-e), the RMSE (f-g), and the correlation of anomalies
(h-i), using the GPCP as a reference, for the BAM CTRL (first column) and BAM SM (second column)
experiments.

The areas of South America with the highest correlation values for the model are the 188

North, Northeast, and South areas. (Figure 2, g-h). However, the most relevant change 189

between the two experiments is observed in the central area and southeast of South America, 190

where the increase in correlation is evident (Figure 2, h) as well as the decrease in RMSE 191

(Figure 2, f) for the BAM SM experiment in the area covered by the SAMS. 192

In the Taylor diagram, it is observed that for the La Plata Basin (Figure 3, c), the modifi- 193

cation of the soil moisture resulted in an improvement in the evaluation metrics associated 194

with precipitation, with an increase in the correlation accompanied by a reduction in the 195

RMSE. On the other hand, for the Amazon Basin (Figure 3, a) the BAM SM experiment 196

showed inferior performance with a small increase in the standard deviation and RMSE 197
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Figure 2. Metrics for precipitation over South America for the austral spring. The maps show
the mean accumulated precipitation (a,b), the bias (c,d), the RMSE (e,f), and the correlation of
anomalies (g,h), using the GPCP as a reference, for the BAM CTRL (first column) and BAM SM
(second column) experiments.

The areas of South America with the highest correlation values for the model were
the North, Northeast, and South areas (Figure 2g,h). However, the most–relevant change
between the two experiments was observed in the central area and southeast of South
America, where the increase in the correlation was evident (Figure 2h), as well as the
decrease in the RMSE (Figure 2f) for the BAM SM experiment in the area covered by
the SAMS.

In the Taylor diagram, it can be observed that, for the La Plata Basin (Figure 3c), the
modification of the soil moisture resulted in an improvement in the evaluation metrics asso-
ciated with precipitation, with an increase in the correlation accompanied by a reduction in
the RMSE. On the other hand, for the Amazon Basin (Figure 3a), the BAM SM experiment
showed inferior performance with a small increase in the standard deviation and RMSE
accompanied by a reduction in the correlation. Regarding Central Brazil (Figure 3b), there
was a notable increase in the correlation with a subtle increase (decrease) in the standard
deviation (RMSE).Version March 6, 2023 submitted to Atmosphere 7 of 26

Figure 3. Taylor diagram for the mean cumulative precipitation for the austral spring. The diagrams
show statistical metrics (correlation coefficient, RMSE (green line) and standard deviation) over the
three areas highlighted in Figure 1. The star indicates perfect agreement and the circles the BAM
CTRL (blue) and BAM SM (red) experiments.
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Figure 4 shows the mean circulation at 850 hPa for the SON and the bias against the 202

reanalysis for the two experiments. Note that the pattern of circulation at low levels does 203

not differ between the reanalysis (Figure 4, a) and the BAM CTRL (Figure 4, b) and BAM SM 204

(Figure 4, c) experiments. Despite this, when analyzing the corresponding biases (Figure 4, 205

d-e) and between the experiments (Figure 4, f), it becomes more evident the overestimation 206

of the east wind through the interior of the Northeast and, also, the underestimation of the 207

circulation from the north of the Low-Level Jet for both experiments. It is also noteworthy 208

that the most notable differences between the two experiments occur between 30◦S and 209

50◦S, where in the BAM SM experiment (Figure 4, e) the overestimation of the west winds 210

is smaller in relation to the BAM CTRL experiment (Figure 4, d). 211

Figure 3. Taylor diagram for the mean cumulative precipitation for the austral spring. The diagrams
show the statistical metrics (correlation coefficient, RMSE (green line), and standard deviation) over
the three areas highlighted in Figure 1. The star indicates perfect agreement and the circles the BAM
CTRL (blue) and BAM SM (red) experiments.
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3.2. Circulation at Low and High Levels

Figure 4 shows the mean circulation at 850 hPa for SON and the bias against the
reanalysis for the two experiments. Note that the pattern of circulation at low levels
did not differ between the reanalysis (Figure 4a) and the BAM CTRL (Figure 4b) and
BAM SM (Figure 4c) experiments. Despite this, when analyzing the corresponding biases
(Figure 4d,e) and between the experiments (Figure 4f), the overestimation of the east wind
through the interior of the Northeast and, also, the underestimation of the circulation
from the north of the Low–Level Jet for both experiments became more evident. It is
also noteworthy that the most-notable differences between the two experiments occurred
between 30◦ S and 50◦ S, where, in the BAM SM experiment (Figure 4e), the overestimation
of the west winds was smaller in relation to the BAM CTRL experiment (Figure 4d).

Version March 6, 2023 submitted to Atmosphere 8 of 26

Figure 4. Circulation at low level over South America for the austral spring. The maps show the
mean circulation at 850 hPa of ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and
the biases, using the ERA5-Land as a reference, from BAM CTRL (d) and BAM SM (e), and between
BAM SM and BAM CTRL (f).
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that for both experiments the model does not close the circulation related to the Bolivian 214

High. It is also noteworthy that the model tends to overestimate the circulation in the 215

tropical region of the continent, with the exception of areas over Ecuador and Colombia and, 216

on the other hand, underestimates the circulation in the subtropical region. The comparison 217

between the two experiments (Figure 5, f) demonstrates that, in general, there was an 218

increase in the positive bias in the equatorial region and negative bias in the subtropical 219

region in the BAM SM experiment. 220

The BAM model tends to underestimate the temperature in the polar region of the 221

Southern Hemisphere [25], a factor that may explain the overestimations of wind speed 222

at low (Figure 4) and high (Figure 5) levels at high latitudes due to the increase in the 223

temperature gradient in this region. 224

Figure 4. Circulation at low level over South America for the austral spring. The maps show the
mean circulation at 850 hPa of the ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments
and the biases, using the ERA5–Land as a reference, from the BAM CTRL (d) and BAM SM (e) and
between the BAM SM and BAM CTRL (f).

Figure 5 shows the mean circulation at 200 hPa for SON and the bias against the
reanalysis for the two experiments. The first striking feature, already highlighted above, is
that, for both experiments, the model did not close the circulation related to the Bolivian
High. It is also noteworthy that the model tended to overestimate the circulation in the
tropical region of the continent, with the exception of areas over Ecuador and Colombia,
and, on the other hand, underestimated the circulation in the subtropical region. The
comparison between the two experiments (Figure 5f) demonstrated that, in general, there
was an increase in the positive bias in the equatorial region and a negative bias in the
subtropical region in the BAM SM experiment.

The BAM model tended to underestimate the temperature in the polar region of the
Southern Hemisphere [25], a factor that may explain the overestimations of wind speed
at low (Figure 4) and high (Figure 5) levels at high latitudes due to the increase in the
temperature gradient in this region.
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Figure 5. Circulation at high level over South America for the austral spring. The maps show the
mean circulation at 200 hPa of ERA5 (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases,
using the ERA5 as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and
BAM CTRL (f).

3.3. Wave propagation 225

Figure 6 presents the v-component of the wind at high levels (200 hPa) for the SON to 226

verify whether changing the initial soil moisture resulted in impacts on wave propagation. 227

It is noted that the model, for both experiments, presents behavior similar to that observed 228

in the reanalysis. In the Northern Hemisphere, it can be observed that, although the BAM 229

presents the circulation with the same number of waves, the model tends to overestimate the 230

south and north components between the latitudes of 90◦N and 35◦N for both experiments. 231

For the Southern Hemisphere, the model’s atmospheric wave patterns show the greatest 232

differences over the Indian and Pacific Oceans. Regarding South America, it is noted that, 233

while ERA5 presents the most inclined wave pattern, for the two BAM experiments, the 234

north and south components of the circulation are more aligned. Comparison between 235

the two experiments (Figure 6, d) demonstrates that the BAM SM experiment has a more 236

intense southern component close to the coast of the South and Southeast regions, which 237

would favor the amplification of the Northeast trough. 238

Figure 5. Circulation at high level over South America for the austral spring. The maps show the
mean circulation at 200 hPa of the ERA5 (a), BAM CTRL (b), and BAM SM (c) experiments and the
biases, using the ERA5 as a reference, from the BAM CTRL (d) and BAM SM (e) and between the
BAM SM and BAM CTRL (f).

3.3. Meridional Wind Component

Figure 6 presents the v-component of the wind at high levels (200 hPa) for SON to
verify whether changing the initial soil moisture resulted in impacts on meridional wind
component. It is noted that the model, for both experiments, presented a behavior similar
to that observed in the reanalysis. In the Northern Hemisphere, it can be observed that,
although the BAM presented the circulation with the same number of waves, the model
tended to overestimate the south and north components between the latitudes of 90◦ N and
35◦ N for both experiments. For the Southern Hemisphere, the model’s atmospheric wave
patterns showed the greatest differences over the Indian and Pacific Oceans. Regarding
South America, it is noted that, while ERA5 presented the most–inclined wave pattern,
for the two BAM experiments, the north and south components of the circulation were
more aligned. A comparison between the two experiments (Figure 6d) demonstrated that
the BAM SM experiment had a more intense southern component close to the coast of the
South and Southeast regions, which would favor the amplification of the Northeast trough.
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Figure 6. Wave propagation at high level for the austral spring. The maps show the v-component
of mean wind at 200 hPa of ERA5 (a), BAM CTRL (b) and BAM SM (c) experiments, and the bias
between BAM SM and BAM CTRL (d).

3.4. Humidity distribution 239

Figure 7 show mean circulation and specific humidity for the SON at 850 hPa. It is 240

noted that the model underestimates the specific humidity over a large part of the continent, 241

with a greater negative bias in the area between the south of the North Region and the 242

Midwest of Brazil. Comparison between the two experiments (Figure 7, f) demonstrates 243

that no major differences are observed. 244

Figure 7. Moisture distribution at low level over South America for the austral spring. The maps
show the mean circulation and specific humidity at 850 hPa of ERA5 (a), BAM CTRL (b) and BAM
SM (c) experiments, and the biases, using the ERA5 as a reference, from BAM CTRL (d) and BAM SM
(e), and between BAM SM and BAM CTRL (f).

Figure 8 presents the longitudinal section of the specific moisture content in the central 245

latitudes of the Amazon Basin (Figure 8, a-c), Central Brazil (Figure 8, d-f), and La Plata 246

Figure 6. Meridional wind component at high level for the austral spring. The maps show the
v–component of mean wind at 200 hPa of the ERA5 (a), BAM CTRL (b), and BAM SM (c) experiments
and the bias between the BAM SM and BAM CTRL (d).
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3.4. Humidity Distribution

Figure 7 shows the mean circulation and specific humidity for SON at 850 hPa. It is
noted that the model underestimated the specific humidity over a large part of the continent,
with a greater negative bias in the area between the south of the North region and the
Midwest of Brazil. The comparison between the two experiments (Figure 7f) demonstrated
that no major differences were observed.
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Figure 6. Wave propagation at high level for the austral spring. The maps show the v-component
of mean wind at 200 hPa of ERA5 (a), BAM CTRL (b) and BAM SM (c) experiments, and the bias
between BAM SM and BAM CTRL (d).
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(e), and between BAM SM and BAM CTRL (f).
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Figure 7. Moisture distribution at low level over South America for the austral spring. The maps
show the mean circulation and specific humidity at 850 hPa of the ERA5 (a), BAM CTRL (b), and
BAM SM (c) experiments and the biases, using the ERA5 as a reference, from the BAM CTRL (d) and
BAM SM (e) and between the BAM SM and BAM CTRL (f).

Figure 8 presents the longitudinal section of the specific moisture content in the central
latitudes of the Amazon Basin (Figure 8a–c), Central Brazil (Figure 8d–f), and La Plata Basin
(Figure 8g–i) boxes. Initially, we highlight the fact that the BAM model presented a moisture
deficit at low levels for the three regions analyzed in both experiments (Figure 8a,b,d,e,g,h).
In fact, for the central strip of the continent, this moisture deficit was already reported in
the work by Coelho et al. [56]. The comparison between the BAM CTRL and BAM SM
experiments (Figure 8c,f,i) demonstrated that, in general, the BAM SM experiment resulted
in an increase in the moisture content in the atmosphere over the continent, especially
between 750 and 500 hPa. For the Amazon Basin (Figure 8c), it is noted that the BAM SM
experiment also resulted in an increase in the moisture content close to the surface, which
contributed to the reduction of the negative bias in relation to the ERA5 data (Figure 8b).
For the La Plata Basin (Figure 8i), the BAM SM experiment resulted in an increase in
the moisture content in the entire column of the analysis, which resulted in a reduction
(increase) of the bias in relation to the surface reanalysis (800 hPa) (Figure 8h).
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Figure 8. Specific humidity profile for the austral spring over three areas in South America. The
pannel shows the bias between BAM CTRL and ERA5 (first column), BAM SM and ERA5 (second
column), and between BAM SM and BAM CTRL experiments (third column) for cuts in the central
latitude of the Amazon Basin - 3◦S (a-c), Central Brazil - 15◦S (d-f) and La Plata Basin - 30◦S (g-i).

3.5. Soil moisture 260

Figure 9 presents the soil moisture for the SON, the biases of the BAM CTRL and BAM 261

SM experiments to a reanalysis (Figure 9, d-e), and between experiments (Figure 9, f). It is 262

Figure 8. Specific humidity profile for the austral spring over three areas in South America. The
panel shows the bias between the BAM CTRL and ERA5 (first column), BAM SM and ERA5 (second
column), and BAM SM and BAM CTRL experiments (third column) for cuts in the central latitude of
the Amazon Basin—3◦ S (a–c), Central Brazil—15◦ S (d–f), and La Plata Basin—30◦ S (g–i).

3.5. Soil Moisture

Figure 9 presents the soil moisture for SON and the biases of the BAM CTRL and BAM
SM experiments to a reanalysis (Figure 9d,e) and between experiments (Figure 9f). It is
noted that the model tended to underestimate, for both experiments, soil moisture over
most of the continent, and this deficit was most pronounced in the area over Northern
Bolivia and the Midwest of Brazil. Only over the Andes, Patagonia, and more isolated
in the center of the continent, the model had higher moisture content than the reanalysis.
The comparison between the two experiments (Figure 9f) demonstrated that the BAM SM
experiment resulted in a small increment of the moisture content in soil over Northern
Brazil.

3.6. Surface Temperature

Figure 10 presents the mean 2 m air temperature for SON and the biases of the BAM
CTRL and BAM SM experiments to a reanalysis (Figure 10d,e) and between experiments
(Figure 10f). Note that the BAM model, for both experiments, presented an underestimation
(overestimation) of the temperature in a wide area in the south of the continent and over
the Northeast of Brazil (south of the Amazon region). The comparison between the two
experiments (Figure 10f) demonstrated an increase in the negative bias for the BAM SM in
the center−east of the continent.
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Figure 9. Soil moisture over South America for the austral spring. The maps show the soil moisture
of ERA5-Land (0-7 cm) (a), BAM CTRL (b) and BAM SM (c) experiments (0-10 cm), and the biases,
using the ERA5-Land as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM
and BAM CTRL (f).

3.6. Surface temperature 269
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the BAM CTRL and BAM SM experiments to a reanalysis (Figure 10, d-e), and between 271
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Figure 9. Soil moisture over South America for the austral spring. The maps show the soil moisture
of the ERA5–Land (0–7 cm) (a), BAM CTRL (b), and BAM SM (c) experiments (0–10 cm) and the
biases, using the ERA5–Land as a reference, from the BAM CTRL (d) and BAM SM (e) and between
BAM SM and BAM CTRL (f).
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Figure 10. Temperature at 2 meters over South America for the austral spring. The maps show the
temperatura at 2 m of ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases,
using the ERA5-Land as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM
and BAM CTRL (f).
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Northwest of the continent for both experiments. On the other hand, in the southern range 282
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in points in the south of the North Region and part of the Midwest, areas in the which there 287
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Figure 10. Temperature at 2 m over South America for the austral spring. The maps show the
temperature at 2 m of the ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments and the
biases, using the ERA5–Land as a reference, from the BAM CTRL (d) and BAM SM (e) and between
the BAM SM and BAM CTRL (f).

3.7. Surface Heat Fluxes

The sensible heat flux data for SON (Figure 11) demonstrated that the highest values
observed in areas with lower precipitation rates (Figure 2) since most of the energy received
is used to heat the air. Note that the BAM overestimated the sensible heat flux over most
of the North, Midwest, and Southeast regions of Brazil, as well as areas in the north and
northwest of the continent for both experiments. On the other hand, in the southern range
of Bolivia, the major parts of Chile and Argentina, and points in the South and Northeast
regions, the model tended to underestimate the sensible heat flux. The comparison between
the BAM CTRL and BAM SM experiments (Figure 11f) demonstrated that, in the BAM SM
experiment, there was a small improvement in the representation of the sensible heat flux
at points in the south of the North region and part of the Midwest, areas in the which there
was a reduction in the positive bias observed in relation to ERA5–Land (Figure 11d,e).
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Figure 11. Sensible heat flux over South America for the austral spring. The maps show the flux of
ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases, using the ERA5-Land
as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and BAM CTRL (f).
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values in the northern part of the continent, in the interior of the Northeast, and part of the 298

Southeast of Brazil. Comparison between the two experiments (Figure 12, f) demonstrates 299

that the BAM SM experiment showed little improvement in latent heat flux estimates in 300

the area between the south of the North Region, part of Peru and Bolivia. 301

Figure 12. Latent heat flux over South America for the austral spring. The maps show the flux of
ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases, using the ERA5-Land
as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and BAM CTRL (f).

Figure 11. Sensible heat flux over South America for the austral spring. The maps show the flux
of the ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments and the biases, using the
ERA5–Land as a reference, from the BAM CTRL (d) and BAM SM (e) and between the BAM SM and
BAM CTRL (f).

The estimates of latent heat flux for SON (Figure 12) demonstrated that the highest
values were concentrated in the northwest of the continent, an area where the accumulated
precipitation is highest at this time of year (Figure 2). Another area with high values of
latent heat fluxes was concentrated between Argentina, Paraguay, and the South region
of Brazil, although it did not have such high seasonal accumulations compared to the
northwest of South America and had a more constant precipitation regime throughout the
year, which contributed to higher soil moisture content. It is noted that the model tended
to underestimate the values in an area between the south of the Amazon region, part of
the Midwest, and the La Plata Basin. On the other hand, there was an overestimation
of the values in the northern part of the continent, in the interior of the Northeast, and
part of the Southeast of Brazil. The comparison between the two experiments (Figure 12f)
demonstrated that the BAM SM experiment showed little improvement in latent heat flux
estimates in the area between the south of the North region and part of Peru and Bolivia.
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ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases, using the ERA5-Land
as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and BAM CTRL (f).
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Figure 12. Latent heat flux over South America for the austral spring. The maps show the flux of
ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases, using the ERA5-Land
as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and BAM CTRL (f).

Figure 12. Latent heat flux over South America for the austral spring. The maps show the flux of the
ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments and the biases, using the ERA5–Land
as a reference, from the BAM CTRL (d) and BAM SM (e) and between the BAM SM and BAM
CTRL (f).
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The analysis of the Bowen ratio (Figure 13) showed that the model represented the
ratio between sensible and latent heat flux over most of the continent well, with higher
values near the Andes Mountains south of 20◦ S and, also in Northeast Brazil, and lower
values in the northwest of the continent. The relationship also demonstrated that, in the
central strip of South America, in the area that extends from the south of the North region
to the Southeast, the model presented the greatest divergences in relation to the reanalysis.
The comparison between the two experiments (Figure 13f) demonstrated that the BAM
SM experiment presented Bowen ratio values slightly lower than the BAM CTRL in the
Midwest region, which was a result of the small improvement in the representation of the
sensible (Figure 11) and latent (Figure 12) heat fluxes in this region. As seen in the study
by Collini et al. [18], surface fluxes impact the boundary layer and moisture transfer to
the SAMS, and the small improvement in the representation of fluxes, by the BAM SM
experiment, could be an explanation for the improvement in the metrics associated with
precipitation in SON over the central strip of South America (Figure 2).
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Figure 13. Bowen ratio over South America for the austral spring. The maps show the relation of
ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments, and the biases, using the ERA5-Land
as a reference, from BAM CTRL (d) and BAM SM (e), and between BAM SM and BAM CTRL (f).
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Figure 14 displays the coupling metrics for the previously mentioned study regions. 317

In addition to the analysis, precipitation, evapotranspiration, soil moisture, and seasonal 318

mean temperature for these regions are also presented. Negative TCI (Figure 5, a) and ZG 319

(Figure 14, g) and positive T ET (Figure, d) values for the ERA5-Land reference data on 320

the Amazon Basin (first column) indicate that, at this time of year, surface flux processes 321

are dictated by the atmosphere and controlled by radiation availability. Similar results, for 322

annual means, were presented by Baker et al. [21] who highlight that the high values of 323

precipitation over the region (Figure 5, j) keep the soil moist, which makes the availability 324

of radiation a limiting factor for evapotranspiration. It stands out the fact that, for both 325

experiments, there is a sign inversion in the TCI and ZG metrics, and the magnitude of 326

T ET is smaller in relation to ERA5-Land. This fact was also reported by Baker et al. [21] 327

who point out that the soil moisture in the BAM model is lower than that observed, which 328

makes the surface fluxes processes limited by the availability of moisture in the model 329

simulations. It is also noted that, although the BAM SM experiment showed coupling 330

measures of the T ET and ZG metrics slightly closer to the ERA5-Land, the simulated 331

values were still far from the reference data. 332

In Central Brazil (Figure 14, second column), it is noted that for the ERA5-Land 333

reanalysis, during the austral spring, evapotranspiration is limited by soil moisture content, 334

Figure 13. Bowen ratio over South America for the austral spring. The maps show the relation of the
ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments and the biases, using the ERA5–Land
as a reference, from the BAM CTRL (d) and BAM SM (e) and between the BAM SM and BAM
CTRL (f).

3.8. Land–Atmosphere Interactions

Figure 14 displays the coupling metrics for the previously mentioned study regions.
In addition to the analysis, precipitation, evapotranspiration, soil moisture, and seasonal
mean temperature for these regions are also presented. Negative TCI (Figure 14a) and ZG
(Figure 14g) and positive T ET (Figure 14d) values for the ERA5–Land reference data in
the Amazon Basin (first column) indicated that, at this time of year, surface flux processes
are dictated by the atmosphere and controlled by radiation availability. Similar results, for
annual means, were presented by Baker et al. [21], who highlighted that the high values of
precipitation over the region (Figure 14j) keep the soil moist, which makes the availability of
radiation a limiting factor for evapotranspiration. The fact that, for both experiments, there
was a sign inversion in the TCI and ZG metrics and the magnitude of T ET was smaller
in relation to ERA5–Land stood out. This fact was also reported by Baker et al. [21], who
pointed out that the soil moisture in the BAM model is lower than that observed, which
makes the surface fluxes processes limited by the availability of moisture in the model
simulations. It is also noted that, although the BAM SM experiment showed coupling
measures of the T ET and ZG metrics slightly closer to ERA5–Land, the simulated values
were still far from the reference data.
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as positive TCI values are observed (Figure 5, b), T ET negative (Figure 14, e) and ZG 335

positive (Figure 14, h). The experiments also showed land-atmosphere coupling, although 336

with less intensity than that observed in the reference for the TCI and T ET metrics. When 337

comparing the two experiments, it is noted that the BAM SM experiment was closer to the 338

reference for the TCI metric, possibly due to the subtle increase in soil moisture compared 339

to the BAM CTRL experiment. There is also a small improvement in precipitation for BAM 340

SM experiment. On the other hand, for the T ET metric, there was a worsening for the BAM 341

SM in relation to the BAM CTRL experiment due to the underestimation of the temperature 342

over this region. 343

Figure 14. Climate variables and land-atmosphere coupling for the austral spring over three areas
in South America. The boxes show the spatial variation in the seasonal mean for the metrics TCI
(a-c), T ET (d-f) and ZG (g-i) and, variables precipitation (P; j-l), evapotranspiration (ET; m-o), soil
moisture (SM; p-r) and surface temperature (T; s-u) from ERA5-Land (green), BAM CTRL (blue) and
BAM SM (red) experiments for areas highlighted in Figure 1: Amazon Basin (first column), Central
Brazil (second column) and La Plata Basin (third column). The boxes show quartiles and extremes. In
some figures, the y-axis scales differ and for T ET (second line), they have reverse scale.

Finally, for the La Plata Basin (Figure 14, third column), there is a weak atmosphere- 344

land coupling for the reference (Figure 14, c, f and i), which denotes that evapotranspiration 345

is controlled by the availability of radiation, however, experiments show that the land 346

surface regulates, although with weak intensity, surface fluxes, due to the underestimation 347

of precipitation (Figure 14, l), soil moisture (Figure 14, r) and temperature surface (Figure 348

14, u) values. Among the experiments, the BAM SM presented worsening for the air 349

temperature. 350

Figures 15, 16, and 17 show the spatial variability of the metrics TCI, T ET, and ZG, 351

respectively, for the SON. The ERA5-Land fields (Figures 15, a, 16, a and 17, a) demonstrate 352

that, for this period, most of the continent presents strong land-atmosphere coupling, this 353

Figure 14. Climate variables and land–atmosphere coupling for the austral spring over three areas in
South America. The boxes show the spatial variation in the seasonal mean for the metrics TCI (a–c),
T ET (d–f) and ZG (g–i) and the variables precipitation (P; (j–l)), evapotranspiration (ET; (m–o)), soil
moisture (SM; (p–r)), and surface temperature (T; s–u) from the ERA5–Land (green), BAM CTRL
(blue), and BAM SM (red) experiments for the areas highlighted in Figure 1: Amazon Basin (first
column), Central Brazil (second column), and La Plata Basin (third column). The boxes show quartiles
and extremes. In some figures, the y-axis scales differ, and for T ET (second line), they have the
reverse scale.

In Central Brazil (Figure 14, second column), it is noted that, for the ERA5–Land
reanalysis, during the austral spring, evapotranspiration is limited by soil moisture content,
as positive TCI values were observed (Figure 14b), T ET negative (Figure 14e), and ZG
positive (Figure 14h). The experiments also showed land–atmosphere coupling, although
with less intensity than that observed in the reference for the TCI and T ET metrics. When
comparing the two experiments, it is noted that the BAM SM experiment was closer to the
reference for the TCI metric, possibly due to the subtle increase in soil moisture compared
to the BAM CTRL experiment. There was also a small improvement in precipitation for the
BAM SM experiment. On the other hand, for the T ET metric, there was a worsening for
the BAM SM in relation to the BAM CTRL experiment due to the underestimation of the
temperature over this region.

Finally, for the La Plata Basin (Figure 14, third column), there was a weak atmosphere–
land coupling for the reference (Figure 14c,f,i), which denotes that evapotranspiration is
controlled by the availability of radiation; however, the experiments showed that the land
surface regulates, although with weak intensity, the surface fluxes, due to the underestima-
tion of the precipitation (Figure 14l), soil moisture (Figure 14r), and temperature surface
(Figure 14u) values. Among the experiments, the BAM SM presented worse results for the
air temperature.

Figures 15–17 show the spatial variability of the metrics TCI, T ET, and ZG, respec-
tively, for SON. The ERA5–Land fields (Figures 15a, 16a and 17a) demonstrate that, for
this period, most of the continent presented strong land–atmosphere coupling, this strong
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coupling not being restricted to the area delimited as Central Brazil, but in much of the
Midwest and Southeast of Brazil, which, at this time of the year, register the transition of
their precipitation regimes from the dry season to the rainy season. On the other hand, the
areas in the South of Brazil and the northwest of the continent, regions in which a good
part of the limits that configure the La Plata Basin and the Amazon Basin are inserted,
highlighted in this study and according to the analyses presented in Figure 14, we can
observe if the coupling is controlled by the states of the atmosphere.
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Figure 15. Terrestrial Coupling Index (TCI) over South America for the austral spring. The maps
show the relationship between soil moisture and evapotranspiration, calculated based on ERA5-Land
(a), BAM CTRL (b) and BAM SM (c) experiments. The boxes delimit the areas highlighted in Figure
1. Red shading indicates land-atmosphere coupling, and blue shading indicates atmosphere-land
coupling.
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Figure 15. Terrestrial Coupling Index (TCI) over South America for the austral spring. The maps
show the relationship between soil moisture and evapotranspiration, calculated based on the ERA5–
Land (a), BAM CTRL (b), and BAM SM (c) experiments. The boxes delimit the areas highlighted in
Figure 1. Red shading indicates land–atmosphere coupling, and blue shading indicates atmosphere–
land coupling.
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Figure 16. Temperature-evapotranspiration metric (T ET) over South America for the austral spring.
The maps show the relationship between soil moisture and evapotranspiration over South America,
calculated based on ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments. The boxes delimit
the areas highlighted in Figure 1. Red shading indicates land-atmosphere coupling, and blue shading
indicates atmosphere-land coupling.

Figure 17. Zeng’s Gamma metric (ZG) over South America for the austral spring. The maps show the
relationship between precipitation and evapotranspiration, calculated based on ERA5-Land (a), BAM
CTRL (b) and BAM SM (c) experiments. The boxes delimit the areas highlighted in Figure 1. Red
shading indicates land-atmosphere coupling, and blue shading indicates atmosphere-land coupling.

In Figure 18, the relationship shown demonstrates the association between soil mois- 382

ture variability and evapotranspiration over the three areas of interest (Figure 1). The 383

high ratio between the two variables for the reanalysis over Central Brazil (Figure 18, b) 384

demonstrates that surface fluxes are highly dependent on soil moisture content in this 385

region. As seen for some coupling metrics (Figure 15), the relationship established between 386

the mean members of the two experiments is smoothed (Figure 18, e, and h), but a positive 387

correlation is still observed between the two variables for both experiments. On the other 388

hand, for the Amazon Basin and the La Plata Basin (Figure 18, first and third column, 389

respectively), the reference shows us that there is no dependence between soil moisture 390

and evapotranspiration, however, the predictions of the experiments show the opposite, a 391

positive relationship. 392

Figure 16. Temperature–Evapotranspiration metric (T ET) over South America for the austral spring.
The maps show the relationship between soil moisture and evapotranspiration over South America,
calculated based on the ERA5–Land (a), BAM CTRL (b), and BAM SM (c) experiments. The boxes
delimit the areas highlighted in Figure 1. Red shading indicates land–atmosphere coupling, and blue
shading indicates atmosphere–land coupling.
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Figure 16. Temperature-evapotranspiration metric (T ET) over South America for the austral spring.
The maps show the relationship between soil moisture and evapotranspiration over South America,
calculated based on ERA5-Land (a), BAM CTRL (b) and BAM SM (c) experiments. The boxes delimit
the areas highlighted in Figure 1. Red shading indicates land-atmosphere coupling, and blue shading
indicates atmosphere-land coupling.

Figure 17. Zeng’s Gamma metric (ZG) over South America for the austral spring. The maps show the
relationship between precipitation and evapotranspiration, calculated based on ERA5-Land (a), BAM
CTRL (b) and BAM SM (c) experiments. The boxes delimit the areas highlighted in Figure 1. Red
shading indicates land-atmosphere coupling, and blue shading indicates atmosphere-land coupling.
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Figure 17. Zeng’s Gamma metric (ZG) over South America for the austral spring. The maps show the
relationship between precipitation and evapotranspiration, calculated based on the ERA5–Land (a),
BAM CTRL (b), and BAM SM (c) experiments. The boxes delimit the areas highlighted in Figure 1. Red
shading indicates land–atmosphere coupling, and blue shading indicates atmosphere–land coupling.

Figures 15b,c and 17b,c show equivalent results, but with greater intensity for the ZG
metric. It can be seen that Central Brazil is located in the area where the model, for both
experiments, presented greater variability for the metric, with areas intercalated with strong
and weak atmosphere–land coupling, with stronger signals for the BAM SM experiment;
furthermore, it was evident that this coupling also reached a large part of the Cerrado. This
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result differed from Baker et al. [21], in which it was presented that, for the BAM model, the
water content in the soil is determinant for the surface fluxes in these regions. For the region
of the Amazon Basin and La Plata Basin, the results were similar to those found by Baker
et al. [21], but with a weaker signal for the TCI metric. A possible explanation for such a
discrepancy in signal strength is that, in this research, it was decided to calculate the metrics
with the mean ensemble member, while Baker et al. [21] calculated individual metrics for
each member and, after the calculation, the mean of the metrics. When analyzing the spatial
variability of the T ET coupling metric (Figure 16b,c) for the Central part of Brazil, it is
noted that the BAM CTRL experiment presented strong land–atmosphere coupling; on the
other hand, in the BAM SM, there were areas in which the surface fluxes were controlled
by the atmosphere, and this pattern extended across southeastern Brazil. In the Amazon
Basin, there was a strong positive and negative coupling signal for the BAM CTRL and
a predominance of land surface conditions in the BAM SM, however with a less intense
signal than that observed in the BAM CTRL. The region of the La Plata Basin presented a
strong signal of atmosphere–land coupling for both experiments, with a broader area in the
BAM SM experiment; such intensity was not observed by Baker et al. [21].

In Figure 18, the relationship shown demonstrated the association between soil moisture
variability and evapotranspiration over the three areas of interest (Figure 1). The high ratio
between the two variables for the reanalysis over Central Brazil (Figure 18b) demonstrated
that surface fluxes are highly dependent on soil moisture content in this region. As seen for
some coupling metrics (Figure 14), the relationship established between the mean members of
the two experiments was smoothed (Figure 18e,h), but a positive correlation was still observed
between the two variables for both experiments. On the other hand, for the Amazon Basin
and the La Plata Basin (Figure 18, first and third column, respectively), the reanalysis showed
us that there is no dependence between soil moisture and evapotranspiration; however, the
predictions of the experiments showed the opposite, a positive relationship.Version March 6, 2023 submitted to Atmosphere 19 of 26

Figure 18. Betts’ relationship for the austral spring over three areas in South America. The maps
show the relationship between anomalies of surface soil moisture (SM) and evapotranspiration
(ET) averaged from ERA5-Land (first row), BAM CTRL (second row) and BAM SM (third row)
experiments for areas highlighted in Figure 1: Amazon Basin (first column), Central Brazil (second
column) and La Plata Basin (third column). Pearson’s correlation coefficients (r), the probability (p)
of observing a difference as large or greater than that observed under the null hypothesis, and the
normalized distributions of each variable are shown on each panel. The panels do not have the same
scales.

Figure 19 presents the results of the Two-Legged metric for the total transfer of mois- 393

ture from the land surface to the atmosphere (SM-ET-P). The results demonstrate that the 394

model, for both experiments, reproduces the positive association between soil moisture and 395

precipitation over a large part of South America (Figure 19, h and i), although with lower 396

magnitude compared to the ERA5-Land (Figure 19, g). In a similar analysis, but for the DJF 397

(December, January and February) period, Baker et al. [21] observed that, although in some 398

situations the model presents the correct feedback between soil moisture and precipitation, 399

this can occur for wrong reasons, as observed for the SON in northwest South America and 400

in Central Brazil area for the BAM CTRL and BAM SM experiments. 401

Figure 18. Betts’ relationship for the austral spring over three areas in South America. The maps
show the relationship between anomalies of surface soil moisture (SM) and evapotranspiration (ET)
averaged from the ERA5–Land (a–c), BAM CTRL (d–f), and BAM SM (g–i) experiments for the
areas highlighted in Figure 1: Amazon Basin (first column), Central Brazil (second column), and
La Plata Basin (third column). Pearson’s correlation coefficients (r), the probability (p) of observing
a difference as large or greater than that observed under the null hypothesis, and the normalized
distributions of each variable are shown in each panel. The panels do not have the same scales.
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Figure 19 presents the results of the two–legged metric for the total transfer of moisture
from the land surface to the atmosphere (SM–ET–P). The results demonstrated that the
model, for both experiments, reproduced the positive association between soil moisture
and precipitation over a large part of South America (Figure 19h,i), although with a lower
magnitude compared to ERA5–Land (Figure 19g). In a similar analysis, but for the De-
cember, January, and February (DJF) period, Baker et al. [21] observed that, although
in some situations, the model presented the correct feedback between soil moisture and
precipitation, this can occur for the wrong reasons, as observed for SON in northwest South
America and in the Central Brazil area for the BAM CTRL and BAM SM experiments.Version March 6, 2023 submitted to Atmosphere 20 of 26

Figure 19. Two-legged metric for the surface-to-atmosphere moisture-transfer pathway, over South
America for the austral spring. The maps show the relationship between surface variable and
surface flux variable (a-c), flux variable and an atmospheric variable (d-f), and the full pathway (g-i),
calculated based on ERA5-Land (first column), BAM CTRL (second column) and BAM SM (third
column) experiments. The boxes delimit the areas highlighted in Figure 1.
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the central part of the continent, especially in the Southeast of Brazil and also in the area of 408

the La Plata Basin, whith an increase in the correlation and a reduction in the RMSE for the 409

BAM SM experiment. 410

To understand the influence of the change in the initialization of soil moisture on the 411

precipitation of the SON, an analysis was carried out of the circulation at low and high 412

levels over South America, the propagation of waves at high levels, the distribution of 413

moisture over the continent, the temperature at 2 meters, soil moisture and surface fluxes. 414

In the analysis of the circulation at low and high levels, specific humidity distribution at 415

850 hPa, and wave propagation at high levels, it was observed that the modification in 416

the humidity initialization did not cause a marked alteration in the configuration of the 417

atmospheric circulation. 418
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Figure 19. Two–legged metric for the surface–to–atmosphere moisture transfer pathway, over South
America, for the austral spring. The maps show the relationship between the surface variable and
surface flux variable (a–c), flux variable and an atmospheric variable (d–f), and the full pathway (g–i),
calculated based on the ERA5–Land (first column), BAM CTRL (second column), and BAM SM (third
column) experiments. The boxes delimit the areas highlighted in Figure 1.

4. Discussion and Conclusions

This study consisted of the evaluation of retrospective forecasts for the austral spring
(SON) over South America, built with a more realistic initialization of the Soil Moisture
over South America (BAM SM). The presented results demonstrated that the model was
sensitive to changes in soil moisture content. There was an improvement in the metrics
associated with precipitation in areas where the Control experiment (BAM CTRL) had
greater limitations in the central part of the continent, especially in the Southeast of Brazil
and also in the area of the La Plata Basin, with an increase in the correlation and a reduction
in the RMSE for the BAM SM experiment.

To understand the influence of the change in the initialization of soil moisture on the
precipitation of SON, an analysis was carried out of the circulation at low and high levels
over South America, the meridional wind component at high levels, the distribution of
moisture over the continent, the temperature at 2 m, soil moisture, and surface fluxes. In
the analysis of the circulation at low and high levels, the specific humidity distribution
at 850 hPa, and the v–component of mean wind at high levels, it was observed that
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the modification in the humidity initialization did not cause a marked alteration in the
configuration of the atmospheric circulation.

On the other hand, the analysis of soil moisture showed that, in the BAM SM experi-
ment, there was an increase in water content, especially in the southern part of the Amazon
region. For sensible and latent heat fluxes, it was observed that the BAM SM experiment
resulted in a small improvement in the estimates of fluxes in the area between the south of
the North Region and part of the Midwest of Brazil, regions in which the change from a
low precipitation volume to the rainy season during SON occurs. For the temperature at
2 m, there was an increase in the negative bias in the BAM SM experiment compared to the
reanalysis for a major part of the Northeast, Midwest, and Southeast of Brazil.

In more detail, this study compared the two experiments for three specific regions of
South America: (1) Central Brazil; (2) Amazon Basin; (3) La Plata Basin. The analysis of
the Taylor diagram for the precipitation, over these regions, demonstrated that the BAM
SM experiment presented superior performance to the BAM CTRL experiment over the
areas of Central Brazil and La Plata Basin, while over the Amazon Basin, the BAM CTRL
experiment performed slightly higher. The longitudinal profiles of specific humidity up
to 500 hPa showed that the BAM SM experiment resulted in an increase in the moisture
content of the atmosphere.

It is known that the greatest effects of the land surface occur in regions with a moisture
deficit [48] and that surface fluxes are fundamental for the processes of atmospheric insta-
bility and moisture convergence in the central strip of the continent during the beginning of
the season rainy season [18]. Not necessarily the increase in evaporation in a place results in
an increase in precipitation over it [48], but the best representation of heat fluxes over part
of the Amazon Region and increased soil moisture in this same area, observed in the BAM
SM experiment, may have been fundamental factors for the increase in humidity at low
and medium levels of the atmosphere over Central Brazil and, more discreetly, over the La
Plata Basin and, consequently, for the improvement observed in the metrics of precipitation
observed over these regions.

Still, in the three mentioned regions, the analysis of the spatial variation of some
meteorological variables was also carried out, and a set of coupling metrics was applied
since the ability of the models to reproduce the mean climatological of the precipitation is
linked to the representation of the land–atmosphere coupling [20]. For both experiments, in
the Amazon Basin, the coupling metrics denote that the surface fluxes are regulated by the
availability of soil moisture in the model, an opposite relationship to that observed in the
reference, as in Baker et al. [21]. For this region, the model underestimated soil moisture
for both experiments.

In Central Brazil, the analysis of the coupling metrics demonstrated that the surface
fluxes were dictated by the states of the land surface as in the reanalysis; however, there
are points with strong atmosphere–land coupling, different from what was presented in
Baker et al. [21]. The experiments presented an underestimation of this influence, mainly
due to the underestimation of the moisture content in the soil in this area. Between the
two experiments, the slight improvement (worsening) in the representation of moisture
content (temperature) in the BAM SM experiment stood out. The maps of the coupling
metrics showed that Central Brazil is the area where the greatest variability and differences
between experiments occurred.

For the La Plata Basin, similar to what was observed for the Amazon Basin, land
surface conditions were predominant over surface fluxes for the experiments, although
the reanalysis showed atmosphere–land coupling. Both experiments had lower values
of precipitation and soil moisture compared to the reference, and from the comparison
between the two experiments, it is noteworthy that the BAM SM experiment resulted in a
worse representation of the spatial variation of temperature over the region.

Soil moisture has the greatest influence on precipitation over Central Brazil and
Southern Amazon Basin as seasonal precipitation intensifies as the rainy season approaches
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(DJF), while the La Plata Basin presents very low seasonality and according to Pinault [55]
it is controlled by ocean–atmosphere interactions, with a mean period of 8 years.

The results presented in this study demonstrated that the model was sensitive to
changes in soil moisture initialization and that a more realistic representation led to im-
provement in precipitation forecasts during the SAMS pre-rainy season over the central
and southern part of South America. The observed effects that had the greatest influence
on the energy and precipitation cycle were the increase in soil moisture in the southern
Amazon region, accompanied by an increase in latent heat flux and a decrease in sensible
heat flux. As a result, an increase in soil moisture content was observed, not only in the
Amazon Basin, but also in Central Brazil and, to a lesser extent, in the La Plata Basin.
The combination of these factors may be the main explanation for the improvement in
precipitation estimates in SON over part of the continent.

However, this work showed the deficit of soil moisture in the model at a large scale
in the seasonal forecast over South America. Therefore, the land–atmosphere interactions
did not reflect the reanalysis overall continent and need to be improved, opening several
opportunities for future research.
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CERES Clouds and the Earth’s Radiant Energy System
CPTEC Centro de Previsão de Tempo e Estudos Climáticos
CTRL Control
DJF December, January, and February
ENSO El Niño Southern Oscillation
ET Evapotranspiration
GDAS Global Data Assimilation System
GDP Gross Domestic Product
GLDAS Global Land Data Assimilation System
GPCP Global Precipitation Climatology Project
GPM Global Precipitation Measurement mission
IBIS Integrated Biosphere Simulator
IMERG Integrated Multi-satellite Retrievals for GPM
INPE Instituto Nacional de Pesquisas Espaciais
ITCZ Intertropical Convergence Zone
LDAS Land Data Assimilation Systems
LIS Land Information System
P Precipitation
RMSE Root-Mean-Squared Error
SACZ South American Convergence Zone
SALDAS South American Land Data Assimilation System
SAMS South American Monsoon System
SM Soil Moisture
SON September, October, and November
SST Sea Surface Temperature
T Surface temperature
TCI Terrestrial Coupling Index
T ET Temperature–Evapotranspiration Metric
TL Two-Legged coupling metric
ZG Zeng’s Gamma
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