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Abstract: In semi-arid regions, seasonally dry tropical forests are essential for regulating
the surface energy balance, which can be analyzed by examining air heating processes and
water availability control. The objective of this study was to evaluate the ability of the
Brazilian Developments on the Regional Atmospheric Modelling System (BRAMS) model
in simulating the seasonal variations of the energy balance components of the Caatinga
biome. The surface measurements of meteorological variables, including air temperature
and relative humidity, were also examined. To validate the model, we used data collected in
situ using an eddy covariance system. In this work, we used the BRAMS model version 5.3
associated with the Joint UK Land Environment Simulator (JULES) version 3.0. The model
satisfactorily represented the rainfall regime over the northeast region of Brazil (NEB)
during the wet period. In the dry period, however, the coastal rainfall pattern over the NEB
region was underestimated. In addition, the results showed that the surface fluxes linked
to the energy balance in the Caatinga were impacted by the effects of rainfall seasonality in
the region. The assessment of the BRAMS model’s performance demonstrated that it is a
reliable tool for studying the dynamics of the dry forest in the region, providing valuable
support for sustainable management and conservation efforts.
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1. Introduction

In the context of climate change, future scenarios projected by dynamic models of the
climate system indicate shifts in the rainfall regime of some regions of the planet, with an
increasing trend of water scarcity mainly in semi-arid areas [1,2]. One important region of
the earth that has been suffering from the impacts caused by climate change is Semi-arid
Brazil (SEB), in which the Caatinga biome is the predominant vegetation cover [3-5]. The
Caatinga is a tropical forest with seasonal dryness, found only in Brazil, covering about
12% of the country’s total land area [6]. The vegetation is characterized by the presence
of xerophytes, deciduous and semideciduous species [7]. Caatinga plants have different
morphophysiological adaptive mechanisms such as thorns, leathery leaves and highly
efficient water use that helps reduce water loss through transpiration [8,9].

Changes in land use, linked to land degradation in the Caatinga, along with extreme
drought events, could play a role in the desertification process in the SEB [10]. It is
estimated that large Caatinga areas have already been degraded due to anthropogenic
activities, including wood harvesting and agriculture [11-13]. This issue has been discussed
by government agencies and the scientific community in search of strategies to mitigate
damage caused to the Caatinga vegetation, providing the population with adaptation
practices for the current and future climate [14-16].

The plant species of the Caatinga have their photosynthetic activity adapted to water-
deficit conditions [17,18]. Thus, they can adjust their metabolism according to rainfall
seasonality, reducing their activities during periods of water deficit and increasing the
fixation of CO, when rainfall occurs [19,20]. The resilience of the Caatinga biome concerning
water availability is one of its structural and metabolic characteristics that differ from
other biomes such as savannas. However, studies on the surface energy balance in the
Caatinga are still scarce [21]. Thus, it is necessary to develop scientific research aimed at
better understanding the functioning of the Caatinga as a way to preserve its biodiversity,
assisting in political decision making to reduce the vulnerability of the SEB region.

The spatiotemporal variability and low accumulated rainfall in the SEB coupled
with high evaporation rates can influence the sensible and latent heat fluxes, energy
balance, albedo and carbon balance of the Caatinga [21,22]. To quantify surface radiation
fluxes in this biome, studies were carried out using methods based on Bowen’s ratio [23],
remote sensing [24,25] and the eddy covariance technique [26]. Despite existing studies,
uncertainties remain regarding many processes at the Caatinga, primarily due to the
numerous biophysical factors that can cause variations in atmospheric patterns across
different locations within the biome. To minimize these uncertainties, micrometeorological
measurements are essential to gain a deeper understanding of the environmental specifics,
validate models of biosphere-atmosphere interactions and remote sensing products, and
serve various other purposes [27], such as the use in dynamic modeling of the climate
system and regional modeling, focusing on a parameterization of the soil-vegetation-
atmosphere interface (SVAT) [16,28].

The SVAT models have evolved from simplified schemes to more reliable and robust
representations of heat and mass exchange processes at the biosphere—atmosphere interface.
This advancement has been driven by computational progress and the development of
in situ experimental research, allowing the validation of simulated results [29]. In recent
years, increasing concerns over climate change impacts and the need for more sustainable
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management of natural resources have driven the use of these models to gain a deeper
understanding of energy balance dynamics and their influence on ecosystems [30-32].

However, the Caatinga, one of Brazil’s most threatened biomes, remains understudied
regarding the dynamic modeling of its eco-physiological and climatic processes [18,33].
Environmental degradation and changes in the region’s energy balance may compromise
its ecological resilience and the essential ecosystem services it provides to local popula-
tions, including hydrological cycle regulation and biodiversity maintenance [26,34,35]. To
address this gap, this study seeks to analyze the patterns of behavior of energy balance
components in the Caatinga by integrating in situ measurements with a regional dynamic
model, contributing to environmental monitoring strategies and the sustainable use of
natural resources.

Dynamic modeling was chosen for its ability to more accurately represent the temporal
and spatial variability of energy fluxes, enabling a detailed analysis of the physical processes
governing the energy balance and their relationship with the sustainability of semi-arid
ecosystems [1,13,30]. Understanding energy exchange processes and the impacts of climatic
variations can support the development of environmental policies aimed at mitigating the
effects of desertification and promoting sustainable management practices for vegetation
and water resources [10,33].

For this purpose, we employed the regional dynamic model Brazilian Developments
on the Regional Atmospheric Modelling System (BRAMS) version 5.3 [36], an enhanced
version of the Regional Atmospheric Modelling System (RAMS) [37], adapted to better rep-
resent the atmospheric conditions of Brazil and South America [38,39]. BRAMS was used in
conjunction with the SVAT Joint UK Land Environment Simulator (JULES) version 3.0 [40],
recognized for its advanced ability to simulate surface processes, including vegetation
dynamics, carbon storage, soil moisture, photosynthesis and plant and soil respiration [41].

The use of regional dynamic models to simulate the energy balance in preserved areas
of the Caatinga will provide accurate estimates of energy fluxes and balance components,
adequately reflecting seasonal variations and the daily cycle of surface fluxes, contributing
to the understanding of the energy behavior of this semi-arid biome in comparison to other
Brazilian biomes, such as the Amazon [42,43] and the Cerrado [44]. Therefore, the main
scientific questions are as follows: (1) Does the JULES-BRAMS model accurately represent
the changes in energy fluxes observed in response to precipitation seasonality (higher H
fluxes during the dry period and increase in LE fluxes during the wet period), particu-
larly regarding the variability of energy fluxes across different seasons in the Caatinga?
(2) How accurately does the JULES-BRAMS model represent essentia atmospheric vari-
ables, including air temperature, relative humidity and precipitation, in comparison to
observational data and remote sensing products? (3) What are the main limitations of the
current SVAT parameterization in the JULES-BRAMS model, and how can improvements in
soil cover representation enhance the accuracy of energy balance simulations in seasonally
dry tropical forests?

2. Material and Methods
2.1. Description of the Experimental Area

The data used for the validation of the simulations are from a micrometeorological
tower installed in an area of seasonally dry tropical forest (Caatinga) in the semi-arid
region of Northeast Brazil (NEB) (6°34’4” S 37°15'0” W, 205 m above sea level), which
consists of a fragment of preserved Caatinga in the Seridé Ecological Conservation Station
(ESEC-Serid6) near the city of Serra Negra do Norte in the Rio Grande do Norte state
(Figure 1). The data were collected using an eddy covariance system installed on an 11 m
high micrometeorological tower used to measure heat and mass fluxes. The ESEC-Serido is
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managed by the Chico Mendes Institute for Biodiversity Conservation (ICMBio) and the
monitoring project of this biome is part of the National Observatory of Water and Carbon
Dynamics in the Caatinga Biome network.
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Figure 1. Spatial characteristics of the Caatinga biome, location of the flux tower (ESEC-Serid6) and
the domain of the simulation used the dynamic regional model.

The climate of the tower’s installation site is tropical semi-arid (Bsh) according to the
Koppen classification [45], with the wet season established from February to June and a
mean annual rainfall of 700 mm [27]. The region has an annual average relative humidity
of the air of 60% and an annual mean air temperature of 25 °C [10,46], ranging from 24.7 °C
in the wet season to 32.2 °C in the dry-wet season in 2014 [47]. Most of the precipitation
occurs during a 3-5 month wet season (from January to May), while the remaining 7-8
months experience an extended dry season (from June to December).

The vegetation in this area consists of deciduous and semi-deciduous species, forming
a shrub-tree structure with an average height of approximately 8 m. The region primarily
consists of sparsely distributed small trees, shrubs and herbaceous patches, which are
predominantly present during the wet season (January to May) [48]. The dominant species
in the area include xerophytic plants adapted to the harsh conditions of the semi-arid
climate [48]. The study site’s soil is predominantly composed of Lithic Neosol, with sandy
loam and sandy clay loam textures. The soils are shallow, rocky and characterized by low
fertility and low water-holding capacity due to the limited organic matter content [49].

2.2. Observational Dataset

To evaluate the performance of the simulations in the Caatinga biome, we used a
set of surface data composed of air temperature (Tair), relative humidity of the air (RH),
sensible heat flux (H), latent heat flux (LE) and soil (G) heat fluxes, and net radiation (Rn).
These data were collected at the ESEC-Seridé during the period from 1 January 2014 to 31
December 2015 [26]. However, we only used data from the same period of the simulation
(April and August 2014, as defined in the following sections).
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To determine rainfall patterns during the simulation period, we used three different
datasets: (i) daily accumulated rainfall data from the Climate Prediction Center—National
Oceanic and Atmospheric Administration (CPC-NOAA) [36]; (ii) daily accumulated rainfall
estimated by the Tropical Rainfall Measuring Mission (TRMM) satellite [37]; (iii) gridded
daily accumulated precipitation from the dataset elaborated by [38].

Each rainfall dataset was interpolated in a regular grid of 0.25° x 0.25° spacing. We
decided to use these three distinct sets of rainfall data due to the differences in their
characteristics. For example, the CPC and [36] datasets provide rainfall information over
the continent only. The TRMM dataset on the other hand has rainfall information both over
the continent and the ocean, thus allowing the verification of the positioning of rainfall
areas associated with the Intertropical Convergence Zone (ITCZ) at the equatorial region.
It is important to note that the ITCZ is the central atmospheric system responsible for
rainfall in the experiment site region [22,39], and therefore, its adequate representation by
the model is essential when interpreting the results.

2.3. Dynamic Regional Model

In this study, we used the Brazilian Developments on the Regional Atmospheric
Modelling System (BRAMS) version 5.3 [40], an enhanced version of the Regional Atmo-
spheric Modelling System (RAMS) [41], adapted to more accurately represent atmospheric
conditions in Brazil and South America [44,45].

Our main focus was analyzing the surface variables simulated by the SVAT Joint UK
Land Environment Simulator (JULES) version 3.0 [46], considered a state-of-the-art model
for representing surface processes. JULES incorporates advanced formulations that enable
the simulation of various processes, such as vegetation dynamics, carbon storage, soil
moisture, photosynthesis and respiration in both plants and soil [47]. This model was
implemented in BRAMS by [46], who evaluated the coupled JULES-BRAMS system in
simulating carbon fluxes and various other surface variables across the Amazon Basin.

However, this is the first study to apply this modeling system in the Caatinga. The use
of JULES-BRAMS in this semi-arid biome represents a significant advancement, enabling
more robust estimates of energy balance components and a deeper comprehension of
vegetation-atmosphere interactions in a region that has received limited attention from this
type of modeling.

2.4. Numerical Experiments

The study area is situated in a semi-arid region, distinguished by a pronounced
seasonal precipitation pattern. As shown in Figure 2, rainfall is highly concentrated in a
short wet period, precipitation occurring from January to May, with a peak of 143.8 mm in
Apiril, followed by a prolonged dry season from June to December. The average annual
precipitation varies between 300 mm and 1000 mm, with a significant reduction in rainfall
during the dry months. No precipitation was observed in August, and a second peak of
approximately 50 mm occurred in November, associated with the presence of a Cyclonic
Vortex of High Levels (VCAN) [35], as previously reported by [47]. The combination of
low precipitation and high evapotranspiration rates (1500-2000 mm per year) results in
significant water stress, with the vegetation undergoing adaptive mechanisms such as leaf
loss to manage the water deficit during the dry period. Based on this analysis, we selected
April and August as the rainy and dry months, respectively, for the simulations.

Previous studies conducted in ESEC-Serid6 [26,50] established a seasonal division for
the year 2014, considering the rainfall behavior and the response of Caatinga vegetation,
using the Enhanced Vegetation Index (EVI) and the Normalized Difference Vegetation
Index (NDVI). In this context, we selected the months with the highest and lowest precip-



Sustainability 2025, 17, 5350

itation for the evaluation of the BRAMS model, since during the rainy season, Caatinga
vegetation shows a rapid photosynthetic response and leaf expansion, maintaining these
characteristics throughout the wet period. However, during the dry months, leaf loss
occurs due to the water-deficit tolerance mechanism, causing the vegetation to enter a state

of vegetative dormancy.
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Figure 2. Monthly accumulated rainfall (mm) for the year 2014 in ESEC-Seridé.

The first 10 days of the simulation were excluded from the analysis, as they corre-
spond to the model’s spin-up time. Table 1 shows the initial and boundary conditions
applied in the simulations, while Table 2 shows the main physical configurations and
parameterizations adopted in the experiments, based on [51]. With these configurations,
we aim to adequately represent the surface characteristics and atmospheric conditions of

the Caatinga biome.

Table 1. Characteristics of the initial and boundary conditions used in the numerical experiments.

Input Data Description Reference
Large-scale atmospheric conditions ECMWE 0.25° spacing grid [52]
Sea Surface Temperature (SST) NCEP weekly [53]
Soil moisture Derived from TRMM [54]
Normalized Difference Vegetation Index (NDVI) MODIS sensor [55]
Soil texture FAO-INPE [56]
Topography and vegetation USGS 10 km [57]
Carbon emissions CarbonTracker—NOAA [58]

Table 2. Physical settings and parameterizations that were used in the experiments.

Parameter Description
Time step 30s
Integration time step in April 720 h
Integration time step in August 720 h
Deep cumulus parameterization [59]
Shallow cumulus parameterization [60]
Radiation parameterization CARMA [61]
Turbulence parameterization [62]
Microphysics parameterization Original BRAMS
Vertical coordinate Sigma-Z
Grid spacing (AX) 25 km
Number of points in X 200
Number of points in Y 110
Number of points in Z 45
Center point of the grid —7°85, —40° W




Sustainability 2025, 17, 5350

7 of 19

2.5. Analysis Tools

Data processing and statistical analysis were performed using the R software, version
4.2.3 (R Core Team, 2023). The BRAMS model’s performance in the Caatinga was evaluated
using statistical metrics, comparing it with observational data from the ESEC-Serid¢ station.
The following measures were used: root mean square error (RMSE), standard deviation
(SD) and Pearson’s correlation coefficient (r). A graphical summary of the skill metrics was
elaborated in the form of a Taylor diagram [63], showing the agreement between simulated
and observed data.

3. Results
3.1. Assessing the Model’s Performance for Rainfall Patterns

The spatial distribution of rainfall in April simulated with the BRAMS model and
obtained from other data sources is presented in Figure 3. The BRAMS model overestimated
rainfall compared to the TRMM dataset, with differences exceeding 18 mm/day (Figure 3c),
particularly in areas of Piauf and Ceard States (2° S 39° W; 8° S 45° W), coastal areas
of NEB (between 12° and 16° S) and the southern Amazonian basin (8° S 50° W; 10° S
58° W) (Figure 3a). The spatial distribution of rainfall during the wet season indicates
central, northern and coastal areas experienced the most rainfall due to convective clouds
associated with the seasonal displacement of the ITCZ. Observed rainfall in August was
scarce in central Brazil and NEB, with extensive areas devoid of rainfall. On the eastern
NEB coast, observed rainfall exceeded 12 mm/day (Figure 4).

In ESEC-Serid6, the BRAMS model overestimated total accumulated rainfall and rainy
days in April, showing 208.4 mm over 19 days, whereas rain gauge data indicated 93.2 mm
over 12 days (Table 3). CPC-NOAA and TRMM datasets reported 14 and 16 rainy days,
respectively, while the [37] dataset (107.5 mm), composed of in situ rainfall data, showded
the closest value of accumulated precipitation in the ESEC-Serido6.

(b) CPC—NOAA

2N
25
6S
105 38

145 §

185

BOW ] i

T2 3 4 5 6 & 10 12 14 16 18 20 25 20 40 mm/day

Figure 3. Mean daily rainfall distribution (mm/day) in the wet month (April); (a) BRAMS; (b) CPC-
NOAA; (¢) TRMM; (d) XAVIER [37].
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Figure 4. Mean daily rainfall distribution (mm/day) in the dry month (August); (a) BRAMS; (b) CPC-
NOAA; (¢) TRMM; (d) XAVIER [37].

Table 3. Quantitative assessment of rainfall in the period from 10 to 30 April in the ESEC-Seridé.

Source Rain Days Accumulated Rainfall (mm)
BRAMS 19 208.4
ESEC-Serid6 12 93.2
CPC-NOAA 14 144.5
TRMM 16 123.6
[37] 16 107.5

3.2. Surface Variables and Energy Fluxes

Figure 5 shows the simulated and observed daily time series of Tair and RH for the
Caatinga biome during the wet and dry months. The model retrieved well-defined cycles
both in the wet and dry periods for both variables (Figure 5). However, two systematic
errors in the simulations were verified. During the dry period, the minimum temperatures
below observed values and maximum RHs much higher than observed values. Addition-
ally, during the wet period, the model underestimated the RH amplitude and the minimum
values of temperature (Figure 5b,d).

The Tair maximums are well correlated with the minimum RH of the air in both
seasons, with a greater temperature range in the dry season (~20 °C to 34 °C), while in the
wet season, this range is reduced to between ~24 °C and 32 °C. The simulations show good
correlations between the maximum Tair and the minimum RH with the data observed,
both in the wet season and the dry season. The minimum Tair was underestimated in the
dry and wet period, mainly in the dry season. Consequently, the minimum values of RH
were overestimated.

The mean Tair value observed in April was 27.3 °C and in August it was 27.2 °C
(Table 4); this shows that the temperature variability in the Caatinga biome throughout the
year is extremely low. The BRAMS model, however, presented mean Tair values of 25.0 °C
in April and 23.0 °C in August. Despite underestimating Tair, it can be seen that the model
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can adequately reproduce lower temperatures and higher standard deviations in the dry
month. In the wet month, the mean observed RH was 69.3%, while the simulated mean
was 72.4% (Table 4).

Wet month Dry month
42 42
(a) —— Flux tower (b}
—— BRAMS
344 34
o o
T 26 T 26
5 s
- [
18 18
10 10
901 g0 {@
70 70
s S
50 Z 50
301 30
101— . . . . . 10— . . . .
11-Apr  13-Apr  15-Apr  20-Apr  25-Apr  30-Apr 11-Aug  13-Aug 15-Aug 20-Aug 25-Aug  31-Aug
Time (day) Time (day)

Figure 5. Daily time series of Tair and RH conditions for the Caatinga biome. The blue line indicates
data measured in situ and the red line indicates data simulated using the BRAMS model; (a) Tair in
the wet month; (b) Tair in the dry month; (c¢) RH in the wet month; (d) RH in the dry month.

Table 4. Mean value and standard deviation of observed and simulated (values in parenthesis) air
temperature (Tair) and relative air humidity (RH) data.

Variable Wet Month Dry Month
Tair (°C) 27.3 £ 3.2 (25.0 + 3.8) 272 +4.0 (23.0 + 6.6)
RH (%) 69.3 +15.3 (724 = 11.4) 47.3 + 14.8 (56.0 = 18.9)

Simulated H fluxes closely matched observed values in April, with mean simulated
fluxes of 43.1 W m~2 and observed values of 40.6 W m~2 (Table 5). Simulated LE fluxes
were overestimated by 30% in April and underestimated by 40% in August (Figure 6).
Observed LE peaks exceeded 400 W m~2 in April (Figure 6¢), and during August, ob-
served LE fluxes dropped significantly, with peak values below 100 W m~2 (Figure 6).
BRAMS overestimated G fluxes, particularly during April, attributed to deficiencies in soil
moisture representation.

Table 5. Mean value and standard deviation of observed and simulated (values in parenthesis) energy
balance components data: sensible heat flux (H), latent heat flux (LE), soil heat flux (G) and net
radiation (Rn).

Variable (W m—2) Wet Month Dry Month
H 43.1 + 75.4 (40.6 £ 79.8) 111.1 4+ 170.2 (154.2 £ 250.7)
LE 97.5 £112.4 (160.1 £ 195.9) 56 £125(4.8£8.2)
G —2.6 +£23.2(—1.9 £ 50.6) 5.4 +29.5 (0.6 £ 48.6)
Rn 174.8 + 227.6 (176.5 £ 289.3)  166.6 £ 222.6 (138.4 &+ 272.5)

The numerical simulation was able to capture the Rn variability, and this was the
surface variable which could be best represented by the BRAMS model on the Caatinga
biome in both stations (Figure 6g,h). Furthermore, the time series showed that at night
when there is a radiative loss over the surface, the Rn measured in the Caatinga showed
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an average value of around —4.5 W m~2, while the value estimated by BRAMS was
—52.3 W m~2. The analysis of G fluxes simulated by the model showed an overestimation
in relation to observed values, especially during the wet month (Figure 6e,f).

— Wet month - Dry month
= (a) —— Flux tower | __ (b}
& 500 — BRAMS | T 500
£ L0 MH“MMMHMMH 2 20
x x
-100 -100
- 800 15 ~ 8oft@
£ 500 £ 40
2 2
5 200 g 0
-100 -40
12 12
03] _ 1207
60 60
2 2
U] U]
-60 -60
~ 75%ig ~ 75%7tn)
E 450 E 450
3 £
c 150 = 150
(-4 o«

-150 -150
11-Apr 13-Apr 15-Apr 20-Apr 25-Apr 30-Apr 11-Aug  13-Aug  15-Aug  20-Aug  25-Aug  31-Aug
Time (day) Time (day)

Figure 6. Daily time series of the energy balance components in the Caatinga biome. The blue line
indicates data measured in situ and the red line indicates data simulated using the BRAMS model;
(a) H fluxes in the wet month; (b) H fluxes in the dry month; (¢) LE fluxes in the wet month; (d) LE
fluxes in the dry month; (e) G fluxes in the wet month; (f) G fluxes in the dry month; (g) Rn fluxes in
the wet month; (h) Rn fluxes in the dry month.

3.3. Daily Cycle in the Caatinga Biome

Figure 7 shows the daily cycle of simulated and observed Tair and RH values. Mini-
mum Tair values in April and August occurred at 5:00 h, with simulated minimums lagging
by an hour. RH maximum and minimum peaks showed discrepancies in timing between
simulated and observed values, with BRAMS performing better during the dry season.
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Figure 7. Daily cycle of Tair and RH variables in the Caatinga biome during the wet and dry season.
The blue line refers to data measured in situ, and the red line refers to data simulated using the
BRAMS model: (a) Tair in the wet month; (b) Tair in the dry month; (¢) RH in the wet month; (d) RH
in the dry month.

Simulated energy fluxes (H, LE, G, and Rn) aligned with the diurnal cycle of incident
solar radiation (Figure 8). Simulated H fluxes closely followed observed values during the
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wet month but were slightly overestimated during the dry month. LE fluxes were under
estimated during August mornings and overestimated in April. Simulated G fluxes were
overestimated in both periods, indicating deficiencies in soil heat conduction representation.
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Figure 8. Daily cycle of the energy balance components in the Caatinga biome during the wet season
and the dry season. The blue line refers to data measured in situ and the red line refers to data
simulated using the BRAMS model; (a) H fluxes in the wet month; (b) H fluxes in the dry month;
(c) LE fluxes in the wet month; (d) LE fluxes in the dry month; (e) G fluxes in the wet month; (f) G
fluxes in the dry month; (g) Rn fluxes in the wet month; (h) Rn fluxes in the dry month.

3.4. Statistical Analysis

Figure 9 presents the Taylor diagram with statistical metrics between simulated and
observed variables. The result shows that the BRAMS model presented a better skill in the
dry month for the variables Tair, RH, G and Rn and worse to LE (Figure 9). Furthermore,
for the dry month, except for the LE flux (r = 0.59), the remaining simulated variables
showed a correlation above 0.75. In the wet month, the Tair, LE and Rn had a correlation
above 0.90 (Figure 9).

It was found that Tair, RH, H and Rn had SD normalized with a range from 0.7 to
1.6, in which the slightest deviations were in the wet season for these variables (Figure 9).
In addition, it was observed that soil heat flux presented the most significant deviation
and overestimation in relation to observation, with a high correlation (r > 0.80) in the two
seasons. The evaluation results of the BRAMS model for the Caatinga biome agree with
other studies conducted through dynamic modeling, and thus are reasonable in other
biomes (Table 6).

Table 6. Correlation coefficients between simulated and observed values retrieved in other studies
using dynamic modeling of the atmosphere.

Model Biome Tair RH H LE Reference
BRAMS-JULES Caatinga 0.95 0.79 0.86 0.94 Present study
BRAMS-LEAF3 Amazon forest 0.70 0.55 - - [62]
ETA-INLAND Amazon forest 0.97 0.98 [64

BRAMS-LEAF3
REGCM4.5-CLM4.5

- : ]
Temperate forest 0.96 0.93 0.98 0.78 [31]
]

Savanna 0.86 0.80 0.75 0.84 [65
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Figure 9. Taylor diagram showing the normalized standard deviation (SD), correlation and root
mean square error (RMSE) between simulated and observed data in the wet season (blue circle)
and dry season (red circle). The open circle located at normalized SD = 1.0 and RMSE = 0 indicates
the observations.

4. Discussion
4.1. Rainfall Patterns and Model Performance

The results highlight the BRAMS model’s capability to simulate the spatial distribution
of precipitation under different climatic conditions, although it proved to be more effective
during wet periods rather than dry ones. The significant overestimation of precipitation
can be attributed to the model’s spatial resolution and its representation of meteorological
systems affecting the area.

The overestimation of rainfall by the BRAMS model in April highlights its limitations
in capturing the spatial variability of convective systems, particularly along the ITCZ.
Previous studies emphasize the ITCZ’s role as the primary driver of rainfall in the region,
reaching its southernmost position during the austral autumn [66-68]. The wet season
in the NEB is also modulated by the incursion of transient systems, for example, frontal
systems, propagating from the high latitudes of South America, which can cause rainfall in
the southern part of the region [69,70].

In the dry month, rainfall was extremely low in the central part of the NEB, which is
almost entirely covered by the Caatinga vegetation. One can also notice that the BRAMS
model was able to satisfactorily simulate rainfall over the eastern NEB, which is character-
ized by stratiform clouds (warm rain) with shallow convection [56]. The CPC-NOAA also
captured this pattern and [38] datasets, but not by the TRMM satellite. Xavier et al. [38]
showed the closest value for accumulated precipitation (107.5 mm), attributed to its use of
in situ rainfall data. As the south central area of the NEB region (6° S 50° W; 4° S 45 °W)
has a high topography, the TRMM satellite may have presented difficulties in estimating
the rain in this location.

Coastal rains on the East Coast are generally associated with convective systems in
the form of squall lines [71,72]. The underestimation of rainfall rates can be attributed to
the low resolution (~25 km) of the model, in agreement with previous studies conducted
with other dynamic models [59,60]. The rainfall observed in the East part of NEB, near
the ESEC-345 Serid6, showed a bimodal pattern. The first maximum in April is associated
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with the North-South displacement of ITCZ, and the second maximum, between June
and July, caused by mesoscale convective systems moving from east to west influencing
the rainfall regime in that region; additionally, the precipitation between November and
February can be influenced by UTCYV, associated or not with front systems, as reported by a
wide scientific literature [46,69,73].

4.2. Surface Variables, Energy Fluxes and Daily Cycle in the Caatinga Biome

The systematic errors in BRAMS simulations of Tair and RH suggest deficiencies in the
CARMA radiation parameterization [60] and its interactions with atmospheric chemical
composition [60]. Nighttime overestimations of RH and underestimations of Tair may
result from biases in longwave radiation representation [74,75].

Observed mean Tair stability in the Caatinga biome contrasts with BRAMS’ underesti-
mation, potentially linked to limitations in the surface energy balance module (JULES). The
model’s overestimation of LE fluxes during the wet season and underestimation during the
dry season aligns with challenges in representing water availability and evapotranspiration
dynamics, as noted in [33].

Simulated energy fluxes generally matched observed diurnal patterns but showed
discrepancies in amplitude. Overestimated G fluxes during April highlight the need for
improved soil heat flux parameterization in BRAMS, consistent with findings in other
ecosystems [74].

The analysis of Figure 6 indicates that there is a higher conversion of Rn into H fluxes
during the dry month (Figure 6b,h). This is associated with the dynamics of the air heating
processes, which are more intense during this time of year in the Caatinga and also with
the higher availability of solar radiation during August. The mean simulated H fluxes
(43.1 W m~2) were similar to observed values (40.6 W m~2) in the month of April (Table 5).

The assessment of simulated LE shows that the model can adequately represent this
variable (Figure 6c,d), but with an overestimation of about 30% in the wet month and an
underestimation of 40% in the dry month. In April, LE fluxes measured at the surface
presented peaks higher than 400 W m~?2 (Figure 6c¢), associated with high evapotranspira-
tion rates in the Caatinga biome, since at this time of year, the photosynthetic activity of
the vegetation is more intense due to greater water availability and, consequently, greater
leaf cover. During the dry month, there was a remarkable decrease in LE and the peak of
simulated LE was lower than what has observed, different from the wet period (Figure 6d).
Furthermore, one can observe peak LE values below 100 W m~2. The decrease in LE fluxes
during the dry period is linked to reduced water availability in the soil caused by the lack
of rainfall in the biome.

The assessment of simulated LE shows that the model can adequately represent this
variable (Figure 6¢,d), but with an overestimation of about 30%, the wet month and an
underestimation of 40% in the dry month. In April, LE fluxes measured at the surface
presented peaks higher than 400 W m~?2 (Figure 6¢), associated with high evapotranspira-
tion rates in the Caatinga biome, since at this time of year, the photosynthetic activity of
the vegetation is more intense due to greater water availability and, consequently, greater
leaf cover. During the dry month, there was a remarkable decrease in LE and the peak of
simulated LE was lower than what has observed, different from the wet period (Figure 6d).
Furthermore, one can observe peak LE values below 100 W m~2. This reduction in LE
fluxes during the dry period is attributed to lower water availability in the soil due to the
absence of rainfall over the biome.

The analysis of G fluxes simulated by the BRAMS model revealed an overestimation
compared to observed values, particularly during the wet month (Figure 6). This suggests a
potential limitation in the model’s ability to accurately represent soil moisture dynamics in
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the Caatinga biome. The surface module (JULES) requires further refinement to improve soil
moisture estimation and better align with the environmental characteristics of the region.

Despite this, the BRAMS model effectively captured the daily cycle of energy fluxes
during the dry season, highlighting its capability to represent the influence of solar radia-
tion on surface processes. However, the observed discrepancies in simulating LE during
the morning hours point to challenges in accurately representing thermal and moisture
dynamics during the early part of the day.

The observed discrepancies underscore the necessity of refining BRAMS’ parameteri-
zations to improve the representation of micro-meteorological processes in the Caatinga
biome. Future research should focus on integrating higher-resolution datasets and en-
hancing soil-vegetation-atmosphere interactions to reduce biases in simulated energy and
moisture fluxes. Enhanced model accuracy will support better management strategies for
semi-arid regions under changing climatic conditions.

4.3. Performance and Improvements in the Simulation of the Caatinga Biome by the
JULES/BRAMS Model

The assessment of the BRAMS model’s capability for simulations in the Caatinga
biome indicated its potential as a study tool for the region. However, certain limitations in
the model’s physical parameterization must be addressed to enhance the representation of
the ecosystem’s biophysical and atmospheric characteristics. Among the aspects requiring
improvement, surface parameterization stands out, particularly in the SVAT-type scheme.
The representation of soil moisture dynamics proved to be deficient, which may compro-
mise the simulation of the ecosystem’s response to climatic variations, as the Caatinga is
characterized by water-limited conditions.

Additionally, cloud microphysics exhibited difficulties in reproducing coastal precip-
itation patterns, especially during the dry season. These discrepancies suggest that the
model’s cloud microphysics schemes need adjustments to better represent cloud formation
and evolution in the region. The simulation of radiation processes also showed inconsis-
tencies, particularly in the representation of air temperature. The observed differences
indicate that the interaction of longwave radiation with atmospheric components may not
be correctly captured by the model, which can directly impact the estimation of surface
energy balance.

Another relevant factor concerns the parameterization of the atmospheric boundary
layer. Errors identified in relative humidity peaks suggest the need for adjustments in
vertical moisture transport processes, which are fundamental for characterizing the thermal
and dynamic structure of the atmosphere in the Caatinga. These improvements can
contribute to a better representation of the surface—atmosphere interaction, positively
impacting the accuracy of the model’s simulations.

Finally, the quality of input data plays a crucial role in the model’s calibration and
validation. The scarcity of high-resolution observational data in the Caatinga poses chal-
lenges for reducing biases in simulations. In this regard, expanding in situ experimental
campaigns is essential to provide more precise information on the physical and biogeo-
chemical processes occurring in the region. More reliable input data will allow for more
accurate model initialization and the attainment of more realistic results.

Given these considerations, it is expected that improvements in the mentioned aspects
will enhance BRAMS's ability to simulate energy fluxes and atmospheric dynamics in the
Caatinga. This enhancement would make the model a more robust tool for future climatic
and ecological studies, contributing to the understanding of the impacts of climate change
on this semi-arid ecosystem and providing support for management strategies and local
biodiversity conservation.
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5. Conclusions

The study analyzed energy balance components in the Caatinga biome using in situ
measurements and BRAMS model simulations. Results indicated that meteorological
systems like the ITCZ influenced rainfall in the wet period, while BRAMS moderately
represented rainfall patterns compared to CPC-NOAA, TRMM and XAVIER. However, the
model failed to capture coastal rainfall in the dry period due to inadequate representation
of warm precipitating clouds. Air temperature simulations were more accurate in the
wet period but underestimated values in the dry season, likely due to longwave radia-
tion interactions. RH was best represented in the wet period, though peak values were
overestimated in the dry season. Surface energy fluxes responded to rainfall seasonality,
with increased H fluxes during the dry period and LE fluxes in the wet season, a pattern
partially captured by BRAMS.

Despite its usefulness, improvements in SVAT parameterization are needed for better
representation of soil cover and atmospheric processes. Future studies should enhance
model physics and expand in situ observations to refine simulations, particularly in ground
heat flux and humidity dynamics, given the strong influence of water availability on energy
flux variability in the Caatinga.
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