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Abstract

This study aims to estimate the surface net radiation (Rn) in experimental areas in the States of Paraiba and Rio Grande do Norte, as
well as to validate the results with data measured in areas with Caatinga patterns in recovery (CRec), degraded (CDeg) and preserved
(CPres). Seventeen images from the MODIS sensor aboard the Terra satellite were selected for CRec and CDeg in the State of Paraiba
and twenty-eight images for the CPres in Rio Grande do Norte corresponding to the period from January to December 2014. MODIS/
Terra MOD09A1 and MOD11A2 products to obtain the albedo, temperature, and surface radiation balance. Parametric (Shapiro-Wilk)
and non-parametric (Kolmogorov-Smirnov and Wilcoxon-Mann-Whitney) tests were applied to understand the distribution patterns of
the variables. Statistical error indices were applied to verify the accuracy of the estimates in relation to the observed values. Only the
measured albedo (o_meas) did not meet the normality assumption in the three study areas. According to the absolute mean percentage
error statistic, the model used to estimate the albedo was classified as inappropriate for CPres and CRec (> 25%), while it was satisfactory
for CDeg (15-25%). Significant differences between observed and estimated values were absent only for Rn in the three observation
sites. Therefore, we conclude that the Rn estimates obtained by processing orbital data were satisfactory for the three Caatinga coverage
areas. These results are significant and can be used as tools for monitoring the process of surface energy exchange in semiarid regions.
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Resumo

Este estudo teve como objetivo estimar a radiagdo liquida superficial (Rn) em éareas experimentais nos Estados da Paraiba e Rio
Grande do Norte, como também validar os resultados com dados medidos em areas com padrdes de Caatinga em recuperagao (CRec),
degradada (CDeg) e preservada ( CPres). Foram selecionadas dezessete imagens do sensor MODIS a bordo do satélite Terra para
o CRec e CDeg no Estado da Paraiba e vinte e oito imagens para os CPres no Estado do Rio Grande do Norte, correspondentes
ao periodo de janeiro a dezembro de 2014. Foram usados os produtos MODIS/Terra MOD09A1 e MOD11A2, para obtengdo do
albedo, temperatura e saldo de radiagdo a superficie. Testes paramétricos (Shapiro-Wilk) e ndo paramétricos (Kolmogorov-Smirnov e
Wilcoxon-Mann-Whitney) foram aplicados para a compreenséo dos padrdes de distribuigio das variaveis. Indices de erros estatisticos
foram aplicados para verificar a precisao das estimativas em relagdo aos valores observados. Apenas o albedo medido (o._meas) nao
atendeu ao pressuposto de normalidade nas trés areas de estudo. De acordo com a estatistica do erro percentual médio absoluto, o
modelo utilizado para estimar o albedo foi classificado como improprio para CPres e CRec (> 25%), enquanto foi satisfatorio para
CDeg (15-25%). Diferengas significativas entre os valores observados e estimados estavam ausentes apenas para a variavel Rn nos trés
locais de observacao. Portanto, concluimos que as estimativas de Rn obtidas pelo processamento de dados orbitais foram satisfatdrias
para as trés areas de cobertura de Caatinga. Esses resultados sdo significativos e podem ser usados como ferramentas de monitoramento
do processo de trocas de energia a superficie em regides semiaridas.
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Net Radiation in the Semiarid Region of the States of Paraiba and Rio Grande do Norte Using the MODIS Sensor

1 Introduction

Net radiation (Rn) is the electromagnetic energy
available at the Earth’s surface that regulates most physical
and biological processes, such as evapotranspiration (Lu et al.
2013), photosynthesis, turbulent flows, and heat conduction
fluxes (Jiang et al. 2015). Therefore, accurate estimates
of Rn are essential for understanding the distribution of
energy on the Earth’s surface, formation and transformation
of air masses, melting, as well as for agrometeorological
modeling and water resource management (Bisht & Bras
2011; Hwang et al. 2013), thus being a critical component in
agricultural, hydrological, ecological, and climatic research
(Amatya et al. 2015; Jiang et al. 2015).

Net radiation is the difference between incoming
and reflected shortwave radiation (SW) and incoming and
outgoing longwave radiation (LW) fluxes on the Earth’s
surface. Net radiation values are usually positive during
the daytime when net shortwave radiation is dominant
but negative at nighttime when net longwave radiation
predominates (Allen et al. 1998). Thus, estimating Rn is
fundamental for understanding the climate in the lower
layers of the atmosphere . It depends on the structure and
composition of the adjacent atmosphere and the presence
of clouds and surface characteristics, such as albedo,
emissivity, temperature, humidity, and thermal properties
of the soil (Cueto et al. 2015).

Accurate measures of Rn, which are essential for
understanding the physical and biological processes of
evapotranspiration and air and soil heating, are obtained
with net radiometers installed on the surface (direct
measurements). However, these instruments are expensive,
require frequent calibration, and have limited spatial
distribution. Thus, several models have been developed
to estimate Rn through conventional meteorological
parameters (Mahalakshmi et al. 2016). In addition, to obtain
the spatial and temporal distribution of the components of
Rn, studies have been developed with algorithms making
use of orbital remote sensing products. However, this
technique’s problems are the frequent cloud cover over
certain areas, which directly interferes with Rn estimates
using satellite data (Liang et al. 2010; Santos et al. 2017,
Santos et al. 2020).

Under the cloudy condition, the visible (VIS) and
infrared (IR) imagers cannot sense surface properties as
the albedo and temperature over a pixel, and it only could
be achieved using other remote sensing techniques, such
as microwave. On the other hand, many studies presented
high accurate methodologies to estimate components of the
SW and LW fluxes under cloudy skies coverage (Pinker et
al. 2003; Ceballos et al. 2004; Bisht & Bras 2010, 2011;
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Carmona, Rivas & Casseles 2014; Wang et al. 2018; Jiang et
al. 2019), and these components could be used to estimate Rn.

The MODIS sensor onboard the National
Aeronautics and Space Administration (NASA) Terra and
Aqua polar-orbiting satellites provide global coverage with
approximately four passes a day. Furthermore, with 36
spectral bands between 0.405 and 14.385 um and spatial
resolution ranging from 250 m to 1 km, MODIS offers
products related to the atmosphere, surface, cryosphere, and
oceans (Bisht & Bras 2011). These characteristics make it
a good option for the study of surface Rn in the semiarid
region of Brazil, because of its proximity to the Atlantic
Ocean, cloud cover is frequent throughout the day in this
region, considerably reducing the possibilities of obtaining
cloudless satellite images from satellites with higher spatial
resolution and lower temporal resolution, for example, the
Landsat satellite with a 16-day orbital cycle (Santos et al.
2017; Santos et al. 2020; Oliveria et al. 2021).

In this context, the assessment of the accuracy of Rn
data under clear sky obtained from remote sensing products
is necessary, as it has been done in different studies such
as those developed by Santos et al. (2013), Santos et al.
(2015), Mira et al. (2016), Aratjo et al. (2017), Aragjo et
al. (2018), Santos et al. (2017), and Santos et al. (2020). For
that, estimates using remote sensing data were compared
with surface Rn measures in experimental areas. However,
few studies have been developed to understand space/time
behavior of Rn in the semiarid region of Brazil, particularly
in the Caatinga ecosystem.

The objective of this study was to estimate Rn
under a clear sky for the states of Paraiba and Rio Grande
do Norte based on MODIS sensor data and validate the
results with measurements in experimental recovering
(CRec), degraded (CDeg), and preserved (CPres) areas
of Caatinga, the predominant vegetation in the territory
of these states and which has undergone a continuous and
intense degradation process.

2 Material and Methods

2.1 Description of the Study Area and Analyzed
Period

The study was conducted in semiarid areas of the
states of Paraiba and Rio Grande do Norte (Figure 1),
and the period selected was the year 2014. According to
Alvares et al. (2014), according to the K&ppen classification,
the semiarid climate (type BSh) is characteristic of NEB,
where annual precipitation is less than 800 mm, where
B represents the dry climate zone, semiarid Bs and BSh



Net Radiation in the Semiarid Region of the States of Paraiba and Rio Grande do Norte Using the MODIS Sensor

# Altimetry (m)
2021

Silva et al.

@ Weather station
: Data collection

Figure 1 Location of the states of Paraiba and Rio Grande do Norte. Arrows indicate the locations of the three micrometeorological

towers and INMET meteorological stations.

for low latitude and altitude. In the Borborema Plateau,
in Paraiba. The average annual air temperature varies
between 21.5 and 26 °C, and the relative air humidity
is around 60% (Francisco et al. 2015). The main rainfall
production mechanisms in the study region are the frontal
systems, the intertropical convergence zone (ITCZ), and
wave disturbances in the field of trade winds. According to
the studies by Marengo and Bernasconi (2015), Marengo
et al. (2017) and Marengo et al. (2018), the 2012-2016
time frame was verified as the most severe dry period of
all times recorded in the Brazilian semiarid region.

2.2 Data

The analyzes were carried out in two experimental
sites belonging to the Instituto Nacional do Semiarido (INSA),
located in the municipality of Campina Grande - PB, which
were classified as: 1) degraded Caatinga (CDeg) - located
near the administrative headquarters of INSA (7°14°59” S,
35°56°49” W) (Figure 1). The soil characteristics are sandy
sediments with the occurrence of some ravines; 2) Caatinga
in recovery (CRec) - located in the experimental farm of
INSA (7°16°47” S; 35°58°29” W) (Figure 1).

The vegetation had a very structured vegetative
canopy, predominantly characterized by the presence of
a shrub layer, where some scattered arboreal individuals
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were observed, in addition to a large concentration of cacti,
differing only in their density. The third experimental site
called preserved Caatinga (CPres) - a preserved fragment
of a dry tropical forest (6°34°42” S, 37°15°05” W), is
located at the Serid6 Ecological Station (ESEC-Serido),
municipality of Serra Negra do Norte, in the state of Rio
Grande do Norte (Figure 1). ESEC-Seridé comprises an
area of 1163 ha of Caatinga remnant, characterized by dry
xerophilous forest and deciduous plant species and the
predominance of small, widely dispersed trees and shrubs
less than 7 m tall and patches of grass, which develop and
grow only during the rainy season (Tavares-Damasceno
et al. 2017). The climate of the region is semiarid, the low
longitude and altitude of the Koppen Bsh (Alvares et al.
2014), with the rainy season occurring between January
and May, average annual precipitation of 700 mm, average
annual temperature of 25 °C and average annual air humidity
around 60% (average of 30 years).

MODIS/Terra data were acquired through the Reverb
platform (http://reverb.echo.nasa.gov/) made available by
the EOSDIS (Earth Observing System Data and Information
System) agency belonging to NASA (https://earthdata. nasa.
gov/). The MODIS products used in this study is provided
in Table 1. For the formation of the mosaic of images that
contain the study area was used the Tile h13v09.
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Table 1 Description of MODIS products used in this study.
Resolution
Product Description Multip. Factor Addit. Factor (spatial and Units
temporal)
Surface temperature 0.02 Kelvin
Emissivity of 1000 m . .
MOD11A2 bands 31 and 32 0.002 0.490 8 days Dimensionless
Satellite pass time 0.1 Hour
Surface reflectance 0.0001 500m Kelvin
8 days
MODO09A1 Solar zenith angle 0.01 1000m degree
8 days
. 1000 m .
Sequential day of the year (SDY) 8 days Julian day

Source: http://modis.gsfc.nasa.gov/

Rainfall data for Campina Grande-PB and Caic6-RN
(Figure 1) were obtained from the BDMEP (Meteorological
Database for Teaching and Research) of the INMET -
National Institute of Meteorology (http://www.inmet.gov.
br/portal/index.php?r=bdmep/bdmep).

2.3 Data Processing

Net radiation at the moment of passage of the
MODIS sensor was estimated as described in Equation 1.

Rn=R -aR +R -R,-(1-¢)R, (1)

where: R_is the net radiation (Wm™), is the incoming
shortwave radiation (Wm™); a is the surface albedo
(dimensionless); is the incoming longwave radiation to
the atmosphere (Wm?); and is the longwave radiation
emitted by the surface to space (Wm™); and ¢ is the surface
thermal emissivity (dimensionless). The term (1-¢) R,
represents the fraction of incoming longwave radiation
reflected by the surface.

As direct and diffuse radiation at the Earth’s surface,
represents the main source of energy for evapotranspiration
(ET) and was estimated from Equation 2:

G_cosf, -
Rsl - sc cos hor Tsw (2)
d

2

In this equation, is the solar constant (1367 W m),
0,,, is the solar zenith angle for the horizontal surface
obtained through the MODO09 product band, d? is the square
of the relative distance between Earth and Sun; and is the

atmospheric transmissivity (dimensionless).
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Transmissivity () was calculated according to
Equation 3 simply with the aid of the digital elevation
model (DEM), as proposed by Allen et al. (2002):

sw=0,75+2"10%z 3)

where: z represents the altitude of each pixel, obtained from
the DEM, generated by SRTM (Shuttle Radar Topography
Mission), from http://www.relevobr.cnpm.embrapa.br/
conteudo/relevo/metodo.htm.

The parameter o (relative distance between Earth
and Sun) was calculated as a function of the sequential
day of the year (DOY) using Equation 4, as proposed by
Duffie and Beckman (1991):

1
~ 1+0,033cos(DOY * 27/365)

where: DOY value for each pixel from the MODO09A 1
product was used in the calculation.

Surface albedo (o) was calculated according to
the methodology described in Tasumi et al. (2008) using
Equation 5:

2

4

aT = zn: (ps'bwb) &)

where: w, are the weighting coefficients that represent the
fraction of solar radiation that occurs in the spectral range
of the specific band (see values in Tasumi et al. 2008);
n is the corresponding number of bands; and is the surface
spectral reflectance, obtained from the MODO09A product.


http://www.relevobr.cnpm.embrapa.br/conteudo/relevo/metodo.htm
http://www.relevobr.cnpm.embrapa.br/conteudo/relevo/metodo.htm

Net Radiation in the Semiarid Region of the States of Paraiba and Rio Grande do Norte Using the MODIS Sensor

The longwave radiation emitted by the surface
(W m?) was obtained from the surface temperature and
emissivity, calculated according to Equation 6 as proposed
by the Stefan-Boltzmann law:

R.= aaoTS4 (6)

where: ¢ is the Stefan-Boltzmann constant (5.67x10% Wmr
’K™), g, is the surface emissivity, and T (K) represents the
surface temperature obtained from the MOD11 product that
provides daily data on Earth’s surface temperature. Surface
emissivity was considered equal to the arithmetic mean of
bands 31 and 32, available in the MOD11A2 product, as
Bisht et al. (2005) proposed.

The incoming longwave radiation () was estimated
from Equation 7 as proposed by Stefan-Boltzmann:

R =eoT! (7)

where: is the atmospheric emissivity; ¢ is the Stefan-
Boltzmann constant (¢ = 5.67x10* W m? K*); and is the
near-surface air temperature.

The term was estimated according to the method
used by Araujo et al. (2017). The proposal is that the surface
temperature T of each pixel of the image can be used in
place of 7, suggesting that varies proportionally to 7. In
other applications, a fixed value of 7 can be used for the
entire scene, considering constant throughout the image in
this case, with T’ equal to the 7 of the cold pixel (Araujo
etal. 2012).

In order to estimate , the Equation 8 was used, as
proposed by Bastiaanssen (1995), and the coefficients
proposed by Aratjo et al. (2012) were used for the NEB,
which are:

g,=0,9565(-Int, )% (8)

Table 2 Tests used and their respective hypotheses.

Silva et al.

2.4 Statistical Analysis

2.4.1. Statistical Tests

Remote sensing estimates were validated using the
ground database, but first, the probability distribution of
these two datasets was analyzed, applying three hypothesis
testing, as described below. Some tests can be applied to
check the normality of the observed and estimated values.
According to Royston (1983), the Shapiro-Wilk test stands
out as the option for checking the normality of the values
of environmental variables. The Kolmogorov-Smirnov
(KS) test was also applied, considering that the traditional
parametric tests based on the t-Student distribution are
obtained under the hypothesis that the population has a
normal distribution. In this sense, there is a need to make
sure whether this assumption can be made. Finally, to test
whether the distributions of the observed and estimated
variables were equal in location, that is, whether one
population tended to have higher values than the other
or whether they had the same median, we used the non-
parametric Wilcoxon-Mann-Whitney test. The tests used
are summarized in Table 2. The significance level adopted
in all tests was 0.05.

2.4.2. Error Statistics

In order to check the accuracy of the estimated
values in relation to the observed values, it was necessary
to investigate the following error estimation methods.

Absolute Error (AE) is the difference between the
measured and the actual values. It is a way of considering the
error when measuring the precision of the values, obtained
by Equation 9:

AE=E - 0, )

Shapiro-Wilk test

H,: sample comes from a normally distributed population.
H,: sample does not come from a normally distributed population.

Decision making: if the p-value is greater than a, that is, p > 0.05; (do not reject Hy).

Kolmogorov-Smirnov test

H,: The distribution of the two samples is the same.
H,: The distributions of the two samples are different.

Decision making: if the p-value is greater than q, that is, p > 0.05; (do not reject H,).

Wilcoxon - Mann - Whitney test

H,: The difference in position between the samples is equal to 0.
H,: The difference in position between samples is different from 0.

Decision making: if the p-value is greater than q, that is, p > 0.05; (do not reject H,).

Anu. Inst. Geociénc., 2022:45:42790
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The Mean Absolute Error (MAE) estimates the
mean error value between the series observed and adjusted
according to Equation 10:

N
1
MAE = NZlEi - 0] (10)
=

The Root Mean Square Error (RMSE) represents the
individual quadratic differences between the observed and
estimated time series obtained from Equation 11:

N

1
= |[— . — 0:)2 11
RMSE NZ(El 0, (11)

i=1

The Mean Absolute Percentage Error (MAPE)
estimates the percentage error. This is calculated as the
mean of the percentage error according to Equation 12:

MAPE = 1i|Ei_0"| % 100 12
“wlo (12)
1=

The Nash-Sutcliffe (NS) efficiency coefficient can
vary from - oo to 1; the value | indicates a perfect fit. The
expression used to calculate NS is given by Equation 13:

N (0, —E)?
NS=1-22171 (13)
§V=1(0i - Oi)z

The Willmott Index numerically quantifies the
accuracy between the differences through a coefficient of
agreement obtained by Equation 14:

Silva et al.

LB — 0;)?
N (E; — 0;] + 10; — 0;])?

d=1- (14)

where: O.is the value observed in the experimental area,
E. the value estimated through the processing of MODIS
products, (_)i the mean of the observed values, and N the
number of observations. The “d” values can range from
0, for no agreement, to 1, for perfect agreement. Further
details on error statistics can be found in Nash and Sutcliffe
(1970), Cochran (1977), and Montgomery et al. (2015).

All calculations and adjustments necessary to carry
out this work were performed using scripts from the R
software (R Development Core Team 2016). In addition,
we used R modules with specific functions for the analysis
developed in this research.

3 Results and Discussion

3.1 Analysis of Environmental Variables

The results obtained from the application of the
Shapiro-Wilks test to the values of the biophysical variables
monitored in the present study are shown in Table 3. The
results indicated that, for all soil covers (CRec, CDeg and
CPres), the values of the majority of variables showed a
normal distribution, except foro,_ <o . -CDeg;

Stestimaeg”CETES ANA TS | -CRec. The normality pattern
is directly associated with the frequency of values obtained,
in which there is equality between the mean and the median.
This assumption and its association with the values can be
explained by the characteristics of short time and space
variabilities.

As some variables did not meet the assumption of
normality, it was necessary to apply tests of non-parametric
nature. The Kolmogorov-Smirnov (KS) statistic was first
applied, and then the distance between the cumulative
relative frequency distribution curves of measured and
estimated albedo values (Figure 2A) was quantified,

Table 3 Shapiro-Wilk statistics at 5% level of significance for the data sample points.

Locality Variable (p-value)

(Caatinga) O 0o R R Ts Ts
Preserved 0.08 <0.001*** 0.07 0.04* 0.18
Recovering 0.58 <0.02 0.48 0.33 0.02*
Degraded 0.019* <0.0001** 0.23 0.19 0.10

Significance codes: ***0.001, **0.01, *0.05.

Anu. Inst. Geociénc., 2022:45:42790
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Figure 2 Cumulative relative frequency distribution curves obtained from the KS test for measured (blue line) and estimated (red line)
values in the Caatinga preserved (CPres), recovering (CRec) and degraded (CDeg) areas for the period analyzed: A. Albedo; B. Net

radiation (Wm2); C. Surface temperature (Kelvin).

resulting in the comparison between the two distributions
and computation of the KS test. The results indicated
different distributions between the two samples in all
three patterns of land use (p-value < 0.0001). However,
the results of the KS test applied to net radiation (R ) did
not indicate a difference between the distribution of the
two samples (p-value: 0.19-0.39); that is, the cumulative
relative frequency patterns were equal for the observed
and estimated values (Figure 2B). According to Figure
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2B, the best fit between the curves occurred in CPres,
which can be explained by maintaining natural soil
cover conditions, leading to smaller divergences from
the observed values. Such characteristics can be directly
associated with seasonal patterns of photosynthetic activity
in Caatinga areas without anthropogenic actions; that is,
the inexistence of significant changes in the CPres area
ensures the maintenance of natural patterns of land cover
and use.
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The surface temperature variable had p-values
ranging from 0.0001 to 0.01 in the KS test, indicating that
the two samples had different distributions, that is, different
cumulative relative frequency patterns of observed and
estimated values (Figure 2C). Furthermore, the distance
between the curves of the observed and estimated values
can be associated with the pixel size used to calculate the
estimated values (pixel = 1 km). Thus, the homogeneity of
surface cover patterns can directly influence the satellite’s
spectral response.

3.2 Spatio-Temporal Variability of
Environmental Variables

Albedo (o), net radiation (R ), and surface
temperature (75) estimate based on satellite data (MODIS)
and surface measurements (net radiometers) installed
at points with different soil cover patterns (preserved,
recovering and degraded areas) are shown in Figure 3. The
lowest estimated albedo (o, ) value in the recovering
(CRec) area was of the order of 0.08, and the highest was of
the order of 0.22; these values were recorded in the period
without the presence of rainfall or with little soil moisture
accumulation on the days that preceded the passage of
the satellite (Figure 3A). In general, the data dispersion
pattern for this area was associated with the extreme albedo
values, possibly explained by the natural process and the
dynamics of recovery of soil cover patterns. The minimum
and maximum estimated albedo (a_, ) values in the
degraded (CDeg) area were 0.11 and 0.27, respectively,
and the minimum and maximum o values were 0.18

‘measured

A. ~# Degraded —# Preserved & Recovering
0.31
o
°
3
© 0.2 o
] [ ] ® [ ]
o
L
> oo oo
o
a 0.1 e
©
]
=
R=-0.18,p=048
R=044,p=0019
0.01 R=-037,p=0.14

0.0 0.1

02 03

Estimated surface albedo

Surface albedo
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and 0.20 (Figure 3A). The highest estimated and measured
albedo values were observed in this specific study area
compared to the other land cover types (Figure 3A). The
differences of absolute error were also the largest in this
area (Figure 3B). It was also noticed thato, _  presented a
more homogeneous pattern in the observations (values close
to 0.19). Such variability of a, . - data may be associated
with atmospheric conditions when recording the image
and with edaphoclimatic characteristics of the study area.

In degraded areas, uncovered or partially uncovered
soils tend to predominate. As a result, a large portion of the
Rn fraction is stored on the surface, resulting in a much
greater amount of energy in degraded surfaces than in
recovering or vegetated surfaces. In this study, there was
a pattern of underestimations of albedo based on MODIS
images (o, ) in most days in relation to data from the
micrometeorological tower (a__ ) in the degraded area.
This fact can be justified by the spatial resolution of the
MODIS product, especially if an area is heterogeneous,
and also by external factors such as rain before the satellite
passage.

Teixeira et al. (2008) found minimum and maximum
albedo values, respectively, of 0.11 and 0.17 in the years
2004 and 2005 through field measurements for natural
vegetation (Caatinga) in the semiarid zone of the Sdo
Francisco River basin (Brazil) in the state of Pernambuco.

Quantitative data of surface o, . for the domains
of CPres showed values from 0.15 to 0.22 (Figure 3A). In
turn, the minimum and maximum albedo values measured
at the micrometeorological towers were 0.12 and 0.15,
respectively. The mean measured (o ) value was of the
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Figure 3 Distribution of measured and estimated: A. Surface albedo values in the studied areas; B. Associated absolute error.
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order of 13% and the estimated of 18%, and it was clear that
the amplitude of the AE for this locality was the smallest
in comparison with the other land cover types (Figure 3B),
which may be associated to the vegetation pattern with few
spatial changes, making the surface’s reflecting capacity
remain active during most of the period studied. Santos et
al. (2020) evidence that the remote sensing methodology
overestimated albedo, which could be due to the inability
of the MODO09GA to resolve the land surface heterogeneity
of the Caatinga (sparse vegetation).

Regarding the Rn values in CRec, the highest

aestimateay YA1UC TECOTded was 752.8 W m? in the summer
season, and the highest R measured) value was 706.2 W
m2; the lowest R caimated) value was 564.7 W m? and the
lowest R g Value was 483.2 W m. It was observed
that Rn_, . values were higher than R “values
(Figure 4A), which can be explained by the fact that 1-km
resolution pixels were used, what covered the entire area,
including vegetated and exposed soils, while data coming
from measurements at the micrometeorological tower
covered a radius of about 300 m. In this context, Pigeon
etal. (2007) highlights that, in experiments on a local scale,
the representativeness of measurements carried out in the
tower can be considered a circular perimeter of up to 500
m around the micro-meteorological tower.

In CDeg, the maximum and minimum R csimated)
values recorded were 792.5 and 596.9 W m 2, respectively. On
the other hand, values measured at the micrometeorological
towers ranged from 404.2 to 826.4 Wm™. In general, in the
analysis of R values of the degraded area of Paraiba, it was

seen that the estimated R was the variable that presented
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the highest values for most of the selected days, reflecting
an overestimation in relation toR - the variability
of the absolute error (Figure 4B) can be associated with
the estimates of the components of R cstimateay and this
could explain the great amplitude between maximum and
minimum values.

In CPres, Rn values estimated through MODIS data
varied from 542.5 to 722.3 W m, and those measured
at the micrometeorological tower varied from 568.5 W
m? (corresponding to the rainiest month in this region)
to 706.2 W m™ (corresponding to the dry season). The
variability of R values estimated through remote sensing
data was close to 180 W m? during the period studied,
showing an interval between the minimum and maximum
values much higher than that (137.7 W m?) of values
measured at the tower.

Rainfall forcing can explain the deviations in the
quantitative assessment of surface Rn in both cases R i)
andR ., Inthe case of CPres, precipitation data (Figure
5A) from the INMET station in Caic6-RN, at a distance
of 22 km from the micrometeorological tower of CPres,
showed that all image records after the SDY 151 (May
31) were made practically for dry days, with just over 10
mm only in the SDY 178 (June 27). However, quantities
above 80 mm were verified in the SDY 20 (January 20) and
closing the rainy season with records 0f46.5 mm in the SDY
149 (May 29). As shown in Figure 5B, a significant amount
of rainfall (53.7 mm) was registered on the sequential day
of the year (SDY) 194 (July 13) at the INMET station in
the region of Campina Grande-PB in which the CDeg and
CRec towers are inserted.
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Figure 4 Distribution of the measured and estimated: A. Net radiation (Wm) values in the studied areas; B. Associated absolute error.
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The energy available at the surface results from
thermodynamic fluxes at the soil-plant-atmosphere
interface, and degraded areas tend to have much higher
surface temperatures than vegetated areas (Silva et al. 2014).
However, in the current study, higher Ts values were found
in CPres, cither estimated through orbital images (316.6
K) or measured at micrometeorological towers (305.5 K).
Values obtained through the two methods shown to be
directly related (when one increased or decreased, the other
showed similar behavior) (Figure 6A); however, increases
were more sensitivein Ts . .. while oscillation patterns
of TS . ey PYESCNted a lower amplitude. The pattern of
overestimating Ts based on orbital images (i.e., Ts . ..o
>Ts, values) was frequent in the three areas studied;

measured)
however, the estimated values below 305 K present good
correspondence with observed values for the area of CPres.

Anu. Inst. Geociénc., 2022:45:42790

According to AE statistics (Figure 6B), a mean
error of 5 K was estimated for Ts. However, the amplitude
of the AE was higher in CPres and lowered in CRec. The
variability in energy availability and the conversion of R
into distinct components of sensitive and latent fluxes can
be excellent indications of the discrepant results obtained.
Such results also reflect the importance of maintaining
natural patterns in biomes such as Caatinga because of the
effects of land cover changes on the adjacent environment.

3.3 Accuracy of the Estimates

Applications of orbital RS techniques, for example,
in humid semiarid and tropical climates, are challenging.
The main problem is the constant presence of clouds
resulting from the convective process that is an important
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Figure 6 Distribution of measured and estimated: A. Surface temperature (Kelvin) values in the studied areas; B. Associated absolute error.

mechanism in heating the atmosphere in tropical regions
(Santos et al. 2011). It is understood that the measured data
are crucial to validate estimates from meteorological models
because they are more realistic for a specific site. However,
there are operational difficulties in their use; obtaining
such measures requires a high financial investment, and
they are usually limited to small areas and have no spatial
representativity. Thus, RS represents an essential tool to
document temporal and spatial variations of physical and
biological characteristics of the surface, such as Rn, albedo,
and normalized difference vegetation index (NDVI), thus
improving the validations of parameterizations of physical-
mathematical models used in environmental studies.

The quality of the estimates of environmental
variables was demonstrated by the error statistics when
the two-time series (measured versus estimated through
the processing of MODIS digital products) were compared
(Table 4) from January to December 2014. Regarding the
cover patterns in CRec, CDeg and CPres, the results showed
that albedo was the variable that presented the highest errors
in the variables MAPE and NS. According to the MAPE
values, the model used to estimate albedo was classified
as inappropriate for CPres and CRec (> 25%) according to
Liew et al. (2007), while it was classified as satisfactory for
CDeg (15-25%). However, for the variable Ts, the MAPE

Anu. Inst. Geociénc., 2022:45:42790

interval criteria indicated a very good fit of the model
(<10%) for the three sites. It was also found that the NS
showed a perfect fit for the variables Rn and Ts in CPres.

Still, regarding error statistics, it was identified
in most analyses that the use of modeling using orbital
products provided better performances of the d indices
only for the adjustments to the observed data of the variable
Rn in CPres (0.9) in comparison to the other observation
points (CRec and CDeg).

Given the results of the error statistics, it was still
necessary to compare the two sets of variables taking the
median of the populations as a representative parameter.
Thus, we used the Wilcoxon-Mann-Whitney non-
parametric test in which the difference between ranks of
the observations allows us to infer whether the estimated
values are acceptable at a 5% level of significance. The
results (Table 5) indicated that H; should be accepted only
for Rn in the three observation sites; that is, a significant
difference in practice was not detected. However, for albedo
and Ts, p-values were less than or equal to the significance
level, and thus H, was the alternative accepted. In practice,
it is understood that there are differences in albedo and Ts
values, and they are significant. Thus, we can conclude that
the difference between the medians of the populations is
statistically significant.

11



Net Radiation in the Semiarid Region of the States of Paraiba and Rio Grande do Norte Using the MODIS Sensor Silva et al.
Table 4 Goodness-of-fit indicators for the analyzed variables at their respective data sample points.

Locality/Variable Goodness-of-fit indicator

Albedo (-) MAE RMSE MAPE NS d
Preserved 0.04 0.05 33.2 -4.5 0.25
Recovering 0.1 0.1 53.7 -67.7 0.1
Degraded 0.0 0.0 224 -96.7 0.1
R, (Wm?) MAE RMSE MAPE NS d
Preserved 211 29.2 3.3 1.0 0.9
Recovering 67.0 91.6 121 -1.0 0.5
Degraded 80.2 96.2 12.5 0.0 0.5
Ts (K) MAE RMSE MAPE NS d
Preserved 5.2 6.4 1.7 1.0 0.3
Recovering 39 48 1.3 -9.8 0.4
Degraded 4.7 6.3 15 -16.6 0.3

Table 5 Wilcoxon-Mann-Whitney statistics at 5% level of significance for the data sample points.

Variable (p-value)

Locality (Caatinga) Allzsdo Net&?,::g)t ion Surface temperature (K)
Preserved <0.0001*** 0.71 0.006**
Recovering <0.0001*** 0.08 0.05*

Degraded 0.0002** 0.15 0.05*

Significance codes: ***0.001, **0.01, *0.05.

4 Conclusions

The results derived from MODIS and validated
with surface data proved to be satisfactory, relevant and
efficient for use in environmental studies. However,
location analyses in the use of data estimated by remote
sensing are recommended to obtain coherent responses
of temporal and spatial variations, especially when the
surface characteristics are heterogeneous, thus helping
to improve and validate parameterizations of physical-
mathematical models. Significant differences between
observed and estimated values were absent only for the
variable Rn in the three observation sites. Therefore, we
conclude that the R _estimates obtained by processing orbital
data were satisfactory for the three Caatinga coverage
areas. These results are significant and can be used as tools
for monitoring the process of surface energy exchange in
semiarid regions.
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