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Abstract

The Caatinga biome is an important ecosystem in the semi-arid region of Brazil

that has experienced significant degradation due to human activities and is

currently undergoing desertification. Monitoring vegetation variation in the

Caatinga has become essential for its sustainable development. Traditional

methods for estimating aboveground biomass (AGB) are time-consuming

and destructive, while remote sensing techniques using optical and radar

imagery offer non-destructive alternatives. However, radar imaging remains

novel for AGB estimation in this biome, where research is limited. This

study aimed to use Sentinel-1 images to estimate AGB in the Caatinga

biome of Sergipe State (northeastern Brazil) and identify influencing fac-

tors.  Nineteen sample plots (30 m x 30 m) were selected, and stems

of individuals with circumference at breast height (1.3 m above ground)
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Abstract: The Caatinga biome is an important ecosystem in the semi-arid

region of Brazil that has experienced significant degradation due to human

activities and is currently undergoing desertification. Monitoring vegetation

variation in the Caatinga has become essential for its sustainable devel-

opment. Traditional methods for estimating aboveground biomass (AGB)

are time-consuming and destructive, while remote sensing techniques using

optical and radar imagery offer non-destructive alternatives. However, radar

imaging remains novel for AGB estimation in this biome, where research is

limited. This study aimed to use Sentinel-1 images to estimate AGB in the

Caatinga biome of Sergipe State (northeastern Brazil) and identify influencing

factors. Nineteen sample plots (30 m x 30 m) were selected, and stems

of individuals with circumference at breast height (1.3 m above ground)

$ 6.0cmweremeasuredtoestimate AG Businganallometricequation.Sentinel —

limages fromthreeperiods(green,intermediate, anddry)wereusedtocapturephenologicalvariation. Allpre—
processingandattributeextraction—includingco—polarizedV'V (verticaltransmitandverticalreceive), cross—
polarizedV H (verticaltransmitandhorizontalreceive), VH /VVbandratio, radarvegetationindex, dualpolariz
= 0.73; r = 0.85; RMSE = 8.33 Mg/hm?), followed by the green period (R2

= 0.72; r = 0.85; RMSE = 8.40 Mg/hm?). The contributing attributes

were VH/VV, DPSVI, H, «a, and co-polarized VV for the green period, and

cross-polarized VH for the intermediate period. The study demonstrated that

Sentinel-1 images can estimate AGB in the Caatinga biome during green and

intermediate phenological periods, as SAR attributes showed high correlation

with AGB through multiple linear equations.

Keywords: Caatinga; tropical dry forest; coherent and incoherent attributes;
C-band; Sentinel-1

1 Introduction

Drylands are important ecosystems covering over 40% of Earth’s surface
(Sorensen, 2007). These biomes occupy two-fifths of the planet, with semi-arid
domains representing the largest portion of aridity zones (Bastin, 2017). In
South America, among the three existing semi-arid extensions, the Caatinga
biome stands out as Brazil’s representative climate zone, characterized by
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high annual average temperatures, high spatial and temporal precipitation
variability, and strong evaporation (Nébrega et al., 2016). According to
the Brazilian Ministry of Environment (MMA, 2021), this biome occupies
approximately 11% of the country’s territory across ten states.

Ecological, social, and economic issues threaten this biome, as Brazil’s semi-
arid lands undergo desertification exacerbated by deforestation and land aban-
donment from agriculture, grazing, and firewood harvesting. These activities
increase soil degradation and reduce precipitation, making the region more vul-
nerable to drought (Althoff et al., 2016; Salvatierra et al., 2017; Vendruscolo
et al., 2020). Researchers have increasingly focused on this process and its con-
sequences in Brazil (Vieira et al., 2015; Tomasella et al., 2018; Bezerra et al.,
2020; Vieira et al., 2020, 2021; Barbosa Neto et al., 2021).

As Caatinga area decreases, quantifying vegetation biomass and verifying its
loss becomes crucial for understanding carbon release and storage (Menezes et
al., 2021). While field measurements are commonly used for AGB evaluation
in the Caatinga (Souza et al., 2019; Castanho et al., 2020a; Maia et al., 2020;
Menezes et al., 2021; Oliveira et al., 2022), traditional forest inventory methods,
though accurate, are laborious and time-consuming. Therefore, developing indi-
rect biomass estimation strategies using remote sensing is essential (Baccini et
al., 2004; Akhtar et al., 2020). Various remote sensors based on different char-
acteristics estimate vegetation AGB, with primary data sources being optical,
LiDAR (light detection and ranging), and radar (Kumar et al., 2015).

Despite limited studies estimating AGB through traditional methods in different
Caatinga vegetation types, remote sensing applications remain scarce. Some
research exists at local (Lima Junior et al., 2014; Fernandes, 2018; Silveira et
al., 2020; Oliveira et al., 2021) and global scales using optical orbital sensors and
LiDAR (Saatchi et al., 2011; Baccini et al., 2012). However, active synthetic
aperture radar (SAR) sensors have not been applied in this biome.

SAR imaging offers specific advantages over optical imaging for biomass esti-
mation in savanna-like regions such as the Caatinga. Longer microwave wave-
lengths experience fewer cloud effects, which is vital in tropical environments
with near-constant cloud cover. Additionally, microwaves directly interact with
vegetation structure by penetrating the canopy (Kumar et al., 2015). Sentinel-1,
a recently launched orbital radar by the European Space Agency (ESA), oper-
ates at C-band wavelength and provides free imagery (Nuthammachot et al.,
2022). Its data have been used in forest AGB estimation studies (Forkuor et
al., 2020; Mayamanikandan et al., 2020; Safari and Sohrabi, 2020; Ghosh and
Behera, 2021; Malhi et al., 2021; Vaghela et al., 2021).

Given Sentinel-1’s characteristics, its data should allow significant interaction
with arboreal Caatinga biomass, considering microwave pulse penetration into
the canopy and interaction with structural vegetation characteristics, particu-
larly during periods of lower leaf cover. This study therefore evaluated Sentinel-1
SAR C-band images to estimate aerial biomass of the Caatinga biome across
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three phenological periods (green, intermediate, and dry), identifying which
period and attributes correlate most strongly with AGB.

2.1 Study Area

This study was conducted near the Grota do Angico Natural Monument Conser-
vation Unit in the municipalities of Canindé de Sao Francisco and Pogo Redondo,
Sergipe State [FIGURE:1], located in Brazil’s semi-arid region according to the
National Institute of the Semi-Arid (INSA, 2019). The local climate is classified
as BSh (hot arid steppe) by Koéppen classification, with annual precipitation
below 700 mm and average temperatures of 24°C-26°C (Alvares et al., 2014).
This region has monthly aridity indices indicating high desertification risk (Je-
sus et al., 2019a) and is designated as a desertification area by the National
Forest Inventory of the Brazilian Forest Service (MMA, 2018).

Vegetation is characteristic of the Caatinga biome, composed of deciduous
thorny trees and shrubs typical of semi-arid to arid climates (Veloso et al.,
1991), with dense forest remnants of hyper-xerophytic Caatinga (Ribeiro and
Mello, 2007) occurring across different physiographic characteristics (Jesus et
al., 2019b). This plant typology exhibits high phenological variation in leaf
cover due to rainfall variability (Jesus et al., 2021) and is categorized as a
tropical dry forest (FAO, 2012). Soils are Luvisolos and Planossolos (Embrapa,
2011), with dissected relief on hills, tabular interflows, and a pediplan surface
in the Sertdo Pediplano (SEMARH, 2012).

2.2 Methodological Flowchart

The study comprised two stages linking field activities and Sentinel-1 image
analysis

. The first stage involved forest inventory of arboreal Caatinga species to esti-
mate biomass from densitometric calculations. A pilot inventory with six plots
tested data collection feasibility and area selection for sample plot implementa-
tion, followed by measurement of 12 additional plots to complete the inventory.
The second stage involved acquiring and pre-processing Sentinel-1 images, con-
cluding with attribute generation and extraction for each field-sampled unit for
statistical analysis of field and satellite data.

2.3 Obtaining Field Data and Estimating Arboreal Above-
ground Biomass

Fieldwork was conducted in two phases as indicated in the methodological
flowchart

. The pilot inventory occurred December 16-20, 2018, and the final inventory
from September 8-15, 2019. Timing was selected based on Caatinga phenology
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(Jesus et al., 2021) to conduct dendrometric surveys during intermediate pheno-
logical conditions and periods close to both rainy and dry seasons. Given the
region’s high rainfall variability, AGB data for the intermediate period could
be associated with green and dry periods near inventory dates.

Plot locations were selected based on vegetation conservation status variation
(from degraded to conserved) resulting from human activity interference. Nine-
teen plots were installed near the Grota do Angico conservation unit [FIGURE:1]
to maximize variation in biomass, density, composition, and individual distri-
bution. Taxonomic identification, classification, and nomenclature are detailed
in Jesus et al. (2022). Dominant tree species included Cenostigma pyramidale
(Tul.) Gagnon & G. P. Lewis (1,240 individuals, 51.8% of total), followed by
Aspidosperma pyrifolium Mart. & Zucc. (542 individuals), Jatropha mollissima
(Pohl) Baill. (150 individuals), Mimosa tenuiflora (Willd.) Poir. (120 individu-
als), and Piptadenia retusa P. G. Ribeiro, Seigler & Ebinger (109 individuals).

Each plot measured 30 m x 30 m (900 m?), totaling 16,200 m? of inventoried
area. Plots were georeferenced using a Garmin GPSMap C/A GNSS receiver.
Within each sampling unit, all living and dead individuals with circumference
at breast height (CBH) $ $6.0 cm (1.3 m from ground) were recorded according
to the Caatinga Forest Management Network (2005). CBH was measured with
a tape and total height (H) with a telescopic rod. CBH values were converted
to diameter at breast height (DBH), a widely used dendrometric measure in
Caatinga research (Lima et al., 2018; Lopes et al., 2020; Souza et al., 2020;
Menezes et al., 2021; Pereira et al., 2021). Individual tree AGB was calculated
using the allometric equation from Sampaio and Silva (2005): 0.173 x (DBH)? -
295 R? = 0.9184. Plot-level biomass (kg) was converted to megagrams per
hectare (Mg/hm?).

2.4 Acquisition, Pre-processing, and Retrieval of Sentinel-1
Data

Image acquisition dates were selected based on Caatinga leaf cover state us-
ing normalized difference vegetation index (NDVI) variation. Periods with
high, intermediate, and low NDVTI values representing green, intermediate, and
dry vegetation conditions were selected using Sentinel-1 images acquired on:
2019/01/18-2019/09/03 for the green period, 2018/08/15-2019/10/09 for the in-
termediate period, and 2018/10/26-2019/11/26 for the dry period [FIGURE:3].

NDVT values were obtained through pre-filtering in dense arboreal Caatinga
using the SATVeg web-based tool. MODIS NDVI has 250 m x 250 m spa-
tial resolution with 16-day temporal composition (Embrapa, 2018). Monthly
precipitation data were acquired from the Canindé de Sdo Francisco meteoro-
logical station via the Agricultural Development Company of Sergipe website
(Emdagro, 2020).

Sentinel-1 images were acquired from the European Space Agency website (ESA,
2020a) during the two-year study period. Images were in descending mode, orbit
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82, interferometric wide mode, with 250 km swath width, 29.1°-46.0° incidence
angle range, 3 sub-swaths, $+$0.6° azimuth steering angle, and dual/single po-
larization. Ground range detected (GRD) high-resolution and single look com-
plex (SLC) formats were used, with pixel spacing of 10.0 m x 10.0 m and 2.3 m
x 14.1 m, 5$x 1land1x$1 looks, equivalent number of looks of 4.4 and 1.0, both
level 1, in VV (vertical transmit and vertical receive) and VH (vertical transmit
and horizontal receive) polarizations.

GRD images were pre-processed following Filipponi (2019) to match SLC
pixel dimensions.  Multilooking was applied with four looks (1 in az-
imuth, 4 in range), and images were subset to expedite processing. A gamma
58 x5 filterwasappliedtoG R Dimages, whilepolarimetric filterswereappliedtoS LCimages, whichshowedstron
1byNasirzadehdizajietal.(2019), andthedualpolarizationS ARvegetationindex( DPSV I)proposedby Periasan
attributes were obtained from SLC images. All image processing and attribute
extraction (VH, VV, VH/VV, RVI, DPSVI, H, and «) were performed using
SNAP v.8.0 (ESA, 2020b), with plot sampling in each band using QGIS v.3.18.

2.5 Statistical Analysis

SAR attributes were individually evaluated using simple linear regression to as-
sess their contribution to AGB estimation for each period. Hypothesis testing
used P-value analysis at 5% significance level, with coefficient of determination
(R?) and root mean squared error (RMSE) calculated for each linear equation.
Multiple linear regressions were then calculated using all possible attribute com-
binations, selecting the best biomass estimation equation for each period based
on parsimony principles, considering R?, correlation coefficient (r), and RMSE.
Relationships between observed and estimated data and residual error distribu-
tions were graphed. Statistical analysis was performed using R Core Team 2021
software v.4.1.0.

3 Results

AGB distribution across all plots showed similar patterns, with most individuals
having low values and small peaks around 50.00 kg [FIGURE:4a]. This increase
varied quantitatively between plots: plots 10, 11, and 18 had more individuals
with lower AGB values, while plot 17 had more high-AGB individuals. Gener-
ally, each plot had standout individuals, but plots 7, 9, 14, 16, and 17 contained
individuals with much higher AGB than other plots. Plot 14, despite having
only one individual, recorded the highest biomass (1,875.66 kg). Conversely,
plot 11 had low AGB values with just two arboreal representatives and the
smallest calculated AGB per plot among those with registered individuals. Plot
19 had no arboreal representatives (0.00 kg AGB). Total biomass varied between
plots: plots 10, 18, 12, 8, 17, and 4 had 10.00-20.00 Mg/hm?; plots 14 and 7
had 20.84 and 21.60 Mg/hm?, respectively; plots 13 and 1 had 32.80 and 39.83
Mg/hm?, respectively. Plots 9, 16, 15, 6, 2, 3, and 5 had higher AGB values,
with plot 5 recording the highest at 46.63 Mg/hm? [FIGURE:4b).
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Hypothesis test results from P-value statistical analysis showed no SAR at-
tribute significantly explained AGB in simple linear regression during the green
period. In the other two periods, two attributes showed significant differences
at the 5% level. VH polarization stood out in intermediate and dry periods
(P = 0.030 and 0.034, respectively), while the lowest P-values were observed
for « in the intermediate period (0.022) and VV polarization in the dry period
(0.010).

Individual SAR attributes showed weak relationships with estimated biomass,
evidenced by low R? and high RMSE across all periods [FIGURE:5]. VH polar-
ization performed best with highest R? for green vegetation (0.161), a period
that generally showed the lowest coeflicient values. VH was also second-best for
intermediate (0.238) and dry (0.248) periods. The highest R? overall was VV-
dryness (0.330) and a-intermediate (0.269). Attributes with best R? generally
had highest RMSE, except a-intermediate, which had the lowest RMSE (14.39
Mg/hm?) among all analyzed attributes.

Multiple linear regression revealed DPSVI was present in all three period equa-
tions . In the dry period, the best attribute combination included only DPSVI
and cross-polarization (VH). Green and intermediate period equations differed
only between VV and VH polarizations, respectively, highlighting the impor-
tance of VH/VV, H, «, and the vegetation index for AGB estimation.

Multiple regression equations achieved substantially higher R? values (0.720
green, 0.730 intermediate, 0.550 dry) than simple regressions, establishing high
positive correlations between observed and estimated variables (r = 0.85 for
green and intermediate, r = 0.74 for dry). While only the intermediate period
regression estimated 50.00 Mg/hm? (plot 5), data were distributed closer to the
regression line compared to green and dry periods [FIGURE:6].

Residual analysis by RMSE showed intermediate period AGB estimation error
(8.33 Mg/hm?) was lower than green (8.40 Mg/hm?) and dry (10.65 Mg/hm?)
periods. Residual error distribution by plot [FIGURE:6] showed error scale
variation following RMSE increasing order: 28.20 Mg/hm? amplitude for inter-
mediate, 30.50 Mg/hm? for green, and 39.57 Mg/hm? for dry. Plots 4, 15, and
16 showed greater discrepancies between estimated and observed AGB, with
plot 9 also highlighted for green and dry periods, and plot 11 for dry period.

4 Discussion

Calculated AGB showed most arboreal individuals had low values in the stud-
ied Caatinga biome, indicating numerous individuals with smaller dendrometric
dimensions (primarily diameters), characteristic of regenerating forest commu-
nities and verified in other Caatinga inventories (Lima et al., 2018; Lopes et
al., 2020; Nascimento Neto et al., 2020). Diameter influence on individual AGB
caused varying biomass responses between plots, as seen comparing plots 11
and 14, which had 2 and 1 individuals but vastly different AGB (0.17 vs. 20.84
Mg/hm?). This influence also appeared in AGB variation relative to individual
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numbers, where plots 7, 8, 9, and 17, despite fewer individuals, were not among
the lowest biomass plots, demonstrating sampling unit composition variability.
However, plots with most tree representatives (2, 3, 5, 6, and 15) had highest
AGB, except plot 13 with 228 individuals but only 32.80 Mg/hm? due to small
diameters. Thus, AGB variation also reflects different vegetation phytophysiog-
nomies and conservation statuses, as verified by Castanho et al. (2020b) and
Menezes et al. (2021).

Statistical relationships from linear regression between plot-level AGB and in-
dividual SAR attributes showed slight response variation, as most interactions
for evaluated phenological periods were non-significant at 5% level, indicating
individual attributes do not influence AGB. However, four responses impacted
AGB equations, with VH polarization being the only statistically significant at-
tribute in two periods (intermediate and dry), demonstrating variation between
SAR attribute responses and vegetation phenological period, and showing AGB
estimates depend on image acquisition timing (Nguyen et al., 2016). Despite
these interactions, overall relationships between SAR attributes and AGB were
weak, as evidenced by low R? and high RMSE.

Among polarized data, VH polarization achieved highest R? for green vegetation
(0.161) and was second-most accurate for intermediate (0.248) and dry (0.238)
periods, showing importance of this polarization’s interaction across Caatinga
seasonalities. However, VV polarization achieved highest R? overall (0.330)
in the dry period, indicating greater response to leafless vegetation, possibly
suggesting this polarization’s backscatter intensity is more sensitive to AGB
in dry season than rainy season (Nguyen et al., 2016). Malhi et al. (2021)
also found VV polarization superior (r = 0.74) to cross-polarization (r = 0.05)
for Sentinel-1 in India’s dense tropical forest. Different results were reported
by Navarro et al. (2019) with R? = 0.900 in Senegal mangrove forest with
AGB <35.00 Mg/hm?; Safari and Sohrabi (2020) found better AGB correlation
in Iran’s Zagros oak forests; and Nuthammachot et al. (2022) indicated cross-
polarization may be more AGB-sensitive than co-polarization.

VH polarization’s contribution to AGB estimation in green and intermediate
periods, compared to VV and HH, may result from lower soil moisture influence
(Huang et al., 2018) and greater volumetric dispersion from high canopy density
(Laurin et al., 2018). This polarization was also important in multiple linear
equations for intermediate and dry periods, possibly due to interaction with
the Caatinga’s characteristic high branching density, producing more significant
volumetric scattering expected from cross-polarization.

Comparing accuracy with other dryland AGB estimation studies using Sentinel-
1, only Forkuor et al. (2020) in African savanna reported higher R? (0.760) than
this study (0.730), even using only backscatter coefficients. David et al. (2022),
also in African savanna using backscatter coefficients, obtained lower R? (0.580),
demonstrating radar response variation. Jesus et al. (2023) in the same Caatinga
biome using H and « data also showed lower accuracy (0.320), indicating these
data alone provide poor relationships. Other dry environment studies showed
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lower R? values: Bao et al. (2019) used backscatter and texture data, achieving
best accuracy (0.500) with VH polarization in China’s Hulun Buir grassland;
Pétzschner et al. (2022) reported R? = 0.690 using backscatter in South Amer-
ica’s dry Chaco ecoregion.

Cross-polarization was also highlighted in L-band studies. Mitchard et al. (2009)
found HV polarization outperformed HH (R? = 0.730 vs. 0.550) using ALOS
PALSAR across African savanna regions. Nguyen et al. (2016) found HV po-
larization explained 54% of biomass variation in Vietnam’s deciduous tropical
forest using ALOS PALSAR-2. Wingate et al. (2018) achieved R? = 0.740
estimating AGB in Namibian savanna using PALSAR and PALSAR-2 with log-
arithmic models. Braun et al. (2018) estimated AGB in low-biomass savanna
ecosystems, achieving best response (R? = 0.520) using ALOS PALSAR, En-
visat, and SSM/I data with nonlinear regression, though noting linear, loga-
rithmic, or multivariate techniques could also perform well depending on AGB-
backscatter relationships.

This was verified in the dry period, where VH polarization combined with
DPSVI achieved R?2 = 0.550, higher than all individual attributes across all
periods. However, adding other attributes did not improve dry period accu-
racy. Forkuor et al. (2020) reported similar results in savanna AGB estimation,
where more SAR variables (VV, VH, VH-VV, VH+VV) did not improve accu-
racy (R? = 0.660), with better results using only VH and VV (R? = 0.760).
For green and intermediate periods, using five related attributes significantly
increased accuracy with high R? and low RMSE.

Among multiple regression attributes, DPSVI was notable for appearing in all
three period models. Periasamy (2018) also found DPSVI relevant for AGB
estimation in Tamil Nadu, India, with forest and barren landscapes in both dry
(R% = 0.730) and rainy seasons (R? = 0.700) through simple linear regression,
demonstrating this index’s vegetation biomass relationship.

The band ratio appeared in multiple linear equations for green and intermediate
periods, contrasting with Laurin et al. (2018), who reported stronger Sentinel-
1 band ratio relationships under deciduous vegetation conditions. Band ratio
may be sensitive to SAR interaction with small branches more exposed without
canopy cover, contributing to AGB given high branch density. This difference
may be explained by their study area comprising broadleaf forests with high
AGB, unlike Caatinga physiognomy.

Coherent attributes (H and «) from Sentinel-1 images were also relevant for
Caatinga AGB estimation in green and intermediate periods, indicating that
scattering type and randomness information from microwave phase data con-
tributes to multiple relationships with the estimated variable, which is unavail-
able in incoherent backscatter coefficient data. Cartus et al. (2021) studied
semi-arid forests in California’s Sierra National Forest, and Ghosh and Behera
(2021) verified coherent Sentinel-1 data importance in modeling AGB estimates
for India’s eastern coast tropical mangrove forests. Huang et al. (2018) simi-
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larly used PALSAR-2 L-band polarimetric decomposition information, such as
alpha angle, to generate more accurate AGB models in northern New England’s
eastern temperate forest.

Despite good observed-estimated AGB relationships, it is important to note that
other components present in Caatinga sample plots may have caused estimation
errors, including herbaceous plants ( Croton heliotropiifolius Kunth, Helleborus
foetidus L., Senna obtusifolia (L.) H.S.Irwin & Barneby), Cactaceae (Cereus ja-
macaru DC. and Xiquezique gounellei (F.A.C.Weber) Lavor & Calvente), and
exposed stones characteristic of regional soils. These elements may have influ-
enced radar signal interaction, as microwaves interact with all plot components,
resulting in Sentinel-1 image pixels affected by non-AGB components.

5 Conclusions

This study demonstrated that combining polarized attributes with polarimet-
ric decomposition data from Sentinel-1 images allowed high correlation with
arboreal Caatinga AGB estimates using multiple linear regression. Isolated at-
tributes, however, did not produce good relationships between estimated and
observed variables under evaluated vegetation conditions. The intermediate
phenological condition produced the best biomass estimation results, followed
by the green period, differing only by VH versus VV attribute composition in
the multiple linear equations. Despite strong drought conditions (dry period)
showing lowest R? among multiple regressions, its value exceeded all individual
attributes across all Caatinga conditions.

Sentinel-1 C-band images can therefore estimate arboreal Caatinga AGB, show-
ing high correlation between attributes and the estimated variable. Sentinel-1
also provides an alternative to optical imagery given cloud cover acquisition
challenges. However, although this study captured maximum local vegetation
variation, the Caatinga biome contains diverse phytophysiognomies requiring
AGB capacity evaluation for each typology and appropriate allometric equa-
tions. Different image pre-processing approaches and additional radar data
may also generate different AGB correlation results.
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