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Abstract

Vegetation indices have been widely used for monitoring the spatiotemporal variables of
vegetation and characterizing droughts, primarily in semiarid regions. Drought is a mul-
tifaceted natural process that can lead to reduced water availability and can consequently
have extensive effects on the socioeconomic, agricultural and development sectors of coun-
tries. This study aims to evaluate the spatial-temporal pattern of vegetation as a result of
drought dynamics during the last major drought (2012-2017) in the Brazilian semiarid
region. Satellite image products from the Moderate Resolution Imaging Spectroradiometer
(MOD16, MOD11 and MOD15), standardized precipitation index, rainfall anomaly and
vegetation indices were used to monitor and identify drought episodes. To relate vegetation
with droughts, the vegetation supply water index was used. The results revealed a strong
influence of droughts on vegetation behavior and a strong seasonal pattern of variables in
the study area, primarily for land surface temperature, leaf area index and evapotranspira-
tion. These results lead to the conclusion that, based on correlations between vegetation
and droughts over a climatological period, it is possible to evaluate the relative roles of
vegetation behavior for semiarid regions using MODIS products.
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1 Introduction

Droughts are an important factor in vegetation behavior in the Brazilian semiarid region
due to a thin soil layer, crystalline basement and constant water scarcity. The Brazilian
semiarid region has experienced recurrent drought periods throughout its history, which
promote several social and economic problems in the region, especially in arid or semiarid
regions (Gutiérrez et al. 2014). In Brazil, from 1980 to 2010, approximately 15% of natu-
ral disasters were related to drought phenomena in Northeast Brazil (NEB) (Cunha et al.
2015).

In NEB, the indiscriminate use of natural resources for agricultural purposes, urban
expansion and economic activities, and unplanned human activities have been the subject
of constant debate due to the environmental problems that they cause (Hunt et al. 2018).
In this sense, an analysis of biophysical variables can help diagnose the changes that occur
in this environment, because they significantly express changes caused by land use and by
droughts (Mariano et al. 2018).

Some of these variables such as drought index, land surface temperature and vegetation
indices have been applied (Gomes et al. 2017; Xie et al. 2019; Ma et al. 2019; Garcia-Ledn
et al. 2019), but few studies have analyzed evapotranspiration (ET) behavior in the different
soil covers in the semiarid region of NEB (Anderson et al. 2016; Heinemann et al. 2017),
especially during the most recent drought (2012-2017), which is considered to be one of
the most severe in this region (Marengo et al. 2017; De Azevedo et al. 2018). In semiarid
regions, where environmental characteristics differ due to water scarcity, a spatiotemporal
analysis of these variables is essential to conduct environmental diagnoses and provide rel-
evant information on environmental degradation in the region.

More recently, with technological advances in the preceding decades and the availabil-
ity of orbital data for civil society, research on this topic has gained prominence and has
addressed several biomes and different terrestrial ecosystems (Beuchle et al. 2015). Among
the sensors recently launched on board remote sensing satellites, the Moderate Resolution
Imaging Spectroradiometer (MODIS) offers a range of products for the greatest variety of
studies on the phenomena that occur at the Earth’s surface (Cunha et al. 2015; Silva et al.
2019; Li et al. 2019).

In this sense, several studies have been developed with this purpose; however, studies of
the Brazilian semiarid region remain scarce. Regional studies include that by Cunha et al.
(2017), who evaluated a methodology to monitor drought impacts on pasture areas in the
Brazilian semiarid region using normalized difference vegetation index (NDVI) and land
surface temperature (LST) data, as well as Brazilian Institute of Geography and Statistics
(IBGE) secondary data, Awange et al. (2016) analyzed droughts in Brazil for the period
from 1901 to 2013 using precipitation data in a 25 kmx25 km grid; and Cunha et al.
(2015) monitored vegetation drought dynamics in the Brazilian semiarid region using only
vegetation indices and soil temperature for the years 2012 and 2013, i.e., for the beginning
of the drought period. In contrast, the present study analyzes the spatial and temporal vari-
ability of vegetation as a result of drought dynamics between 2012 and 2017 for different
typologies of vegetation cover of a Brazilian semiarid basin. The mean annual rainfall in
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Fig. 1 Location of the Upper Paraiba River basin in the Northeast Brazil

this region decreased from 515 mm (1994-2011) to 290 mm (2012-2017), as shown by
De Medeiros et al. (2019). Such a reduction in the mean annual precipitation had severe
impacts on the water supply of the Epitdcio Pessoa dam, one of the major reservoirs in
the semiarid region of Paraiba State, which provides water to 500,000 Campina Grande
residents and several other cities of Paraiba State (Silva 2019). From 2012 to 2017, expres-
sive precipitation deficits were registered in addition to the two anomalous high-pressure
centers over the region that enabled the occurrence of extreme drought events (in terms
of both impacts and people affected) (Marengo et al. 2017; Brito et al. 2018). As a result,
severe policies of water rationing were implanted to supplement the water supply to meet
consumption.

Thus, the present study analyzes in an integrated manner the LST, ET, leaf area index
(LAI) and precipitation for the entire drought period, i.e., 2012-2017. In light of the above,
this study aims to evaluate the spatial and temporal pattern of vegetation during the drought
period between 2012 and 2017 for the Upper Paraiba River basin, in the semiarid region of
Brazil, using MODIS sensor products (MOD16, MOD11 and MOD15).

2 Materials and methods
2.1 Study area
The Upper Paraiba River basin is located in the semiarid region in Paraiba State, specifically,

between 06° 00" 11" and 08° 19’ 54" south and 34° 45’ 50” and 38° 47’ 58" west (Fig. 1).
The local climate of the Upper Paraiba River basin, according to the Koppen classification,
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Fig.2 a Monthly rainfall variation and b annual rainfall variation for the Upper River Paraiba basin
between 2012 and 2017

is BSh—with a low latitude and altitude (Alvares et al. 2013). The mean annual precipita-
tion ranges from 400 to 600 mm (Fig. 2a), and the dry season lasts from 8 to 10 months, with
rainfall concentrated between January and May, corresponding to 65% of the annual rainfall
(Fig. 2b), and with high mean temperatures above 28 °C (Dantas et al. 2015). The local biome
is the caatinga (semiarid vegetation), which is a heterogeneous biome consisting of a mosaic
of shrubs and seasonally dry forest areas (Santos et al. 2017), occurring primarily under semi-
arid conditions.

The geology of the basin is composed primarily of crystalline rocks that comprise the Pre-
cambrian Shield of Northeast Brazil. Vegetation in the basin consists predominantly of small
caatinga vegetation, including the presence of cochineal cactus, cotton and agave crops, as
well as temporary corn and bean crops, which represent a small area of the basin (Beuchle
et al. 2015).

The semiarid region of Brazil corresponds to an area located predominantly in NEB
(including the municipalities of the northern portion of Minas Gerais state but excluding
Maranhdo state), which has the following characteristics: (a) mean annual rainfall of less than
or equal to 800 mm; (b) an aridity index as high as 0.5, calculated by the water balance, which
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relates to the rainfall and ET potential between 1961 and 1990; and (c) a drought risk greater
than 60%, calculated for the period between 1970 and 1990 (Brazil 2017). This portion of
the Brazilian territory occupies an area of 969,589 km?, with a population of approximately
24 million inhabitants, and is historically subject to the effects of drought and the challenges
associated with accessing available water in the region, resulting in the construction of several
hydraulic projects to reduce the effects of water scarcity (Alvala et al. 2017).

2.2 Rainfall data

Because the rain gauge network in the Upper Paraiba River basin has a poor spatial distri-
bution and many missing data in its historical series, Tropical Rainfall Measuring Mission
(TRMM) data were used here to analyze the rainfall anomaly. Satellite data using space-
borne sensors provide an excellent complement to capture continuous rainfall events at
various spatial and temporal scales. Thus, the TRMM data (Kummerow et al. 1998, 2000;
Huffman and Bolvin 2017) provide an accurate alternative source of rain data at fine spa-
tiotemporal resolution. The accuracy of the TRMM data has already been tested in sev-
eral studies in many countries (Santos et al. 2018; Fang et al. 2019; Gadelha et al. 2019;
Kalimeris and Kolios 2019) as well as in the region of Upper Paraiba River basin (Diniz
et al.2016; Silva et al. 2018; Santos et al. 2019a,b). The rainfall data used in this study
originated from the TRMM satellite, obtained from algorithm 3B42 version 7 using a spa-
tial resolution of 0.25°%0.25° from January 2012 to December 2017, with total coverage
of the Upper Paraiba study area composed of a grid of 42 cells.

2.3 Determination of the rainfall anomaly index (RAI)

The RAI was used to analyze rainfall anomalies by estimating the frequency and intensity
of dry and rainy years (Table 1) in the Upper Paraiba River basin. In addition, the monthly
RAI was calculated for specific years of the historical series to analyze the rainfall distri-
bution in the years of greatest anomaly. The RAI was developed by Van Rooy (1965) and
adapted by Kraus (1977) and is calculated as:

(v-7)

RAI = 3| ————| for positive anomalies (1)
(¥-7)
Tl Kl anomay e Vs
>4 Extremely humid
2to4 Very humid
0to2 Humid
-2t00 Dry
—4to-2 Very dry
<-4 Extremely dry
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(x-5)
)
where N=current monthly/yearly rainfall, i.e., the month/year when the RAI will be gener-
ated (mm); ]T/:monthly/yearly average rainfall of the historical series (mm); A_/[:average
of the ten highest monthly/yearly rainfall events of the historical series (mm); X =aver-
age of the ten lowest monthly/yearly precipitation events of the historical series (mm); and
positive anomalies have values that are above average, and negative anomalies have values

that are below average.

To use this index, the rainfall data obtained by the TRMM had to be prepared. The
TRMM data were processed and organized into monthly averages. To determine whether
the anomaly was positive or negative, an average was calculated for each year, obtained
by subtracting the standard deviation. Thus, positive anomalies represented above-average
values and negative anomalies represented below-average values.

After analyzing the annual and monthly precipitation and obtaining the RAI values in
relation to precipitation for the period 2012-2017, the results were plotted in a spatial dis-
tribution map in the ArcMap® 10.1 software, using the Kriging method.

RAI = -3 for negative anomalies 2)

2.4 Drought assessment using the SPI

To calculate the standardized precipitation index (SPI) (McKee et al. 1993) over the
region, the TRMM precipitation data were used. The SPI is used to monitor meteorologi-
cal droughts, and in the present study, it was calculated on 1-, 3-, 6-, 9-, 12-, 18-, 24-,
48-month scales, which also allowed the evaluation of agricultural droughts. The SPI is
used to monitor meteorological drought and in this study was computed over short to long
temporal scales (i.e., from 1 to 48 months), making it possible to evaluate annual condi-
tions of precipitation and to thus describe the different impacts related to water supply.
The basis of the calculation is long-term precipitation data that are fitted to a probabil-
ity distribution transformed into a normal distribution. The normal distribution provides
a way to identify the frequency of the drought classifications. For any location, the SPI
analysis through several timescales is adequate to verify hydrological drought and appli-
cations. The negative part of the SPI range is arbitrarily divided into four categories,
i.e., mildly dry (0>SPI> —0.99), moderately dry (—1.0>SPI> —1.49), severely dry
(=1.5>SPI> —1.99) and extremely dry conditions (SPI less than —2.0).

Table 2 MODIS products used

. Product Period Spatial resolution Temporal
in the study resolu-
tion
MODI16A2 01/01/00 to 12/27/14 1 km 8 days
MOD11A2 Day 03/05/00 to 10/16/15 1 km Daily
MOD15A2 02/26/00 to 10/16/15 250 m 8 days
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2.5 NDVIand LST

To analyze the vegetation behavior, NDVI and LST were applied. At this stage, the
MODIS/TERRA sensor products were used, which are freely available at: https://daac.
ornl.gov/cgi-bin/MODIS/GLBVIZ_1_Glb/modis_subset_order_global_col5.pl; this Web
site provides the images in GeoTIFF format and geographic coordinate systems without
the need for conversions (Table 2). IDRISI Kilimanjaro software was used for image pro-
cessing and information extraction, as well as spatial analysis and map algebra operations.
Finally, ArcGIS 10.1 software was used to create the maps.

The methodological procedures for applying these two indices are described in Fig. 3.
The first step in the processing of the MODIS images was selecting existing products in the
period 2012-2017, using Tile h14v09 in a sample area of 101 X 101 km. After this step, a
Fortran language program was created to convert the GeoTIFF images to IDRISI Raster
Format (.rst), followed by an import of files and generation of a time series in IDRISI using
the Collection Editor tool (Fig. 4). After the time series (LST, ET and LAI) were gener-
ated, it was possible to generate models in the Macro Modeler menu of IDRISI to adjust
the required parameters.

The LST and NDVI images were obtained through the link: https://modis.ornl.gov/
cgi-bin/MODIS/GLBVIZ_1_Glb/modis_subset_order_global_col5.pl. To obtain the
NDVI products with their normalized values, the values had to be multiplied by the scale

Fig.5 a LST image with noise and b LST image after application of mode 3 x 3 filter
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factor 0.0001, whereas a factor of 0.02 was used for the LST products, both of which were
adopted from the MODIS product manual. Then, the LST images were converted from
Kelvin to Celsius. LST and NDVI images with negative values were adjusted to zero. In
the LST image, pixel resampling was performed for a spatial resolution of 250 m, obtain-
ing NDVI and LST products with similar spatial resolutions.

The MOD11A2 product contains LST data produced by the MODIS sensor using the
Day/Night LST algorithm developed specifically for this sensor, which produces daytime
and nighttime thermal images. In this study, the daytime LST product was used.

Finally, pixels (area highlighted in Fig. 5a) with zero values distributed and concen-
trated in the images, characteristic of image-related noises and noise caused by atmos-
pheric, radiometric or geometric factors, were observed. To improve the LST images,
IDRISI filters were applied to all images. The filter with the best results was mode 3 X 3.
Figure 5b depicts an image of LST after application of the aforementioned filter.

2.6 Determining LAl for vegetation monitoring

MODIS product data have been used to present global LAI values since 2000 (Myneni
et al. 2002). The quality of these products varies, primarily due to cloud cover, instru-
ment issues, missing data and other noises (Xiao et al. 2009; Jiang et al. 2010). Time
series of LAI provide data on seasonal vegetation development and support analyses of
the functional and structural characteristics of global and regional land cover types. To
determine the LAI in this study, the MODI15A2 product, which contains information
on LAI and photosynthetically active radiation fractions, was used. This product has a
1-km spatial resolution and 8-day temporary resolution. Because this original product
has "gaps" in pixels, we preprocessed the data using the 3 X3 mode filtering algorithm
to generate a continuous time series. Then, a second reclassification was performed,
because for caatinga vegetation in the study area, all LAI values greater than 6 were
removed from the series.

Fig.6 Sample areas of three
types of caatinga vegetation
present in the Upper Paraiba
River basin
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2.7 Definition of sample areas and profile of the created time series

To analyze vegetation behavior, three sample areas were defined (Fig. 6), based on three caat-
inga vegetation strata: (1) shrub vegetation, (2) tree vegetation and (3) shrub-tree vegetation.
These areas were selected because their characteristics are known due to previous field work
in those areas.

For generation of the temporal profiles using the profile function of the IDRISI software,
the files with time series (LST, LAI and ET) and images of the study area and vegetation
samples were used. For both the profile of the basin area analyzed and the profile of the veg-
etation sample areas, the average was chosen for extraction of the values. The mean values of
each series were plotted for each sample area, to analyze the behavior of the variables in each
vegetation stratum.

2.8 Vegetation supply water index (VSWI) estimation

To analyze the vegetation dynamics during the severe drought period, the VSWI developed
by Carlson et al. (1994) was applied. The VSWI indicates the drought condition, the water
stress in the vegetation and the humidity and areas affected by the drought (Zhou et al. 2013).
The VSWI was obtained using MODIS NDVI (MOD13Q1) images for 16-day intervals at
250-m resolution, as well as the MODIS 8-day LST (MOD11A2) product at 1-km resolution,
both from collection 6, for the 2012-2017 period. High VSWI values indicate a low tempera-
ture and/or high vegetative vigor, indicating vegetation without water stress, whereas a small
VSWI value implies that the temperature of the vegetation is high or that the vegetative vigor
is low, resulting in a water stress condition. This index is inversely proportional to the moisture
content in the soil and indirectly indicates the water supply to the vegetation. The VSWI is
calculated as:
NDVI
VSWI = —— 3
In this study, the modified VSWI was used for drought monitoring based on the pro-
posal of Cunha et al. (2015). According to the literature, drought is apparent when the
VSWI threshold value exceeds 60, and the drought severity decreases when the values are
below 60. However, this threshold may vary depending on different factors, including veg-
etation cover, vegetation type, local climatic conditions and soil type. Thus, to avoid using
a threshold that may contain errors, the study considered the VSWI anomaly percentage
(VSWI,; ome), Which is used to compare a period of the index with an average of several
years, obtained by the equation:

_ VSWI — VSWI

VSV\]Ianom% -
VSWI

x 100 4)
2.9 ET-monitoring products

To estimate ET, the MOD16A2 product was used, which is a revision of the algorithm
proposed by Cleugh et al. (2007). This product adapted the Penman—Monteith equation

for use with remote sensing data. For the series of MOD16A2 images of the study area,
Macro Modeler was used to rescale the images, multiplying the series by a factor of 0.1.
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Fig. 7 Temporal distribution of the RAI for the Upper Paraiba River basin between 2001 and 2017

Following that procedure, the series was reclassified to remove values greater than 10 mm/
day, because daily ET values do not exceed this value for the study area. Data were checked
for errors, and erroneous values were replaced with the preceding and subsequent values
that met the quality control criteria, similar to the approach followed with the LST and
LAI products. These 8-day products were then interpolated to provide daily values used to
calculate the daily surface conductance, to match the daily time step of the meteorological
forcing data.

3 Results and discussion
3.1 Analysis of droughts and water deficits

Figure 7 shows the temporal distribution of the RAI for the Upper Paraiba River basin.
The RAI was applied for the analysis of water scarcity in the basin area in the period
2001-2017. The results obtained from this index reveal that the highest occurrences were
in the years classified as being very dry (2013, 2016 and 2017), followed by the years 2012
and 2015, which were classified as being extremely dry (Table 2). The results show that
the years between 2012 and 2015 had an RAI between —2 and — 8, different from previous
years (2001-2011), when only two years had values of approximately —2, revealing a sig-
nificant discrepancy between these two periods.

Table 3 RAI classification for

the Upper Paraiba River basin Values Intensity Years
>4 Extremely humid -
2to4 Very humid -
Oto2 Humid -
Oto—2 Dry 2014
—2to—4 Very dry 2013, 2016, 2017
<-4 Extremely dry 2012, 2015
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The rainfall in NEB results from the influence of several atmospheric factors at several
scales, such as the upper tropospheric cyclonic vortices, intertropical convergence zone,
frontal systems and eastern disturbances (Lucena et al. 2011), influenced by the physical
characteristics of NEB and planetary-scale atmospheric anomalies (Alizadeh-Choobari
2017). The ENSO (El Nifio and La Nifia) phenomena and the Atlantic dipole also contrib-
ute to modifying the frequency, spatial distribution and intensity of these systems, causing
direct changes in rainfall (Acosta-Jamett et al. 2016). Some studies identify semiarid NEB
as one of the areas most affected by global climate change (IPCC 2007) and poor water
resource management. The expected impacts of climate change on the Brazilian semiarid
region include changes in the caatinga vegetation; reduction in water from dams and reser-
voirs; greater occurrence of dry periods; greater propensity to extreme rains and rains con-
centrated in a short time period, causing floods; unavailability of subsistence agricultural
production; and increased migration.

Figure 7 and Table 3 represent the climatic variability and instability in this region,
with successive humid and very dry years. An explanation for these anomalies could be the
influence of intense climatic phenomena such as El Nifio and La Nifia, as presented in the
studies by da Silva et al. (2011), Grimm (2011) and Bombardi et al. (2014), who analyzed
the influence of ENSO on drought events in NEB. El Nifio is an oceanic phenomenon char-
acterized by above-normal warming of surface waters located in the central and eastern
Pacific, close to South America, along the coast of Peru, which causes abnormal changes in
terrestrial climates that result in severe droughts, floods and cyclones, generating disastrous

(a) SPI-1 (b) SPI-3
3

(2012-2017)

(2012-2017)

rﬂA/\MA MMM han -

o MULRARRTAT
-3 : ;i i
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Fig. 8 SPI time series for the Upper Paraiba River basin from 2001 to 2017
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societal impacts. According to the Brazilian National Institute of Meteorology, El Nifio
events occurred in 2014-2015 and 2015-2016 (INMET 2017). However, when analyzing
the occurrence of ENSO during the studied period, five of the years classified as being dry
were characterized by the occurrence of El Nifio, whereas 2012, characterized as being
extremely dry, and 2013, characterized as being very dry, presented no correlation with the
occurrence of El Nifio.

The SPI values for the Upper Paraiba River basin between 2001 and 2017 were com-
puted for all 42 TRMM grid cells. The data were computed using the 1-, 3-, 6-, 9-, 12-,
18-, 24-, 48-month timescales, which are suitable for monitoring short- to long-term water
crises. However, Fig. 8 shows the SPI time series based on the mean precipitation over
the region, where the period 2012-2017 is highlighted, which is reported as the most
severe drought event since 1998 in the Brazilian semiarid region. This figure shows that
after 2012, continuous negative SPI values are observed in the long-term analysis (e.g.,
Fig. 8f~h), which indicates a drought situation. The high variability presented in Fig. 8 is
a result of climate change and the water regime in the basin during the analyzed period.
Temperature fluctuations above normal climatic conditions and the rainy season with large
water deficiencies may have caused this behavior. The results obtained in this study are
close to those obtained by Macedo et al. (2010) and Santos et al. (2019a), who analyzed
drought events in Paraiba State based on the SPI.

3.2 Analysis of LST behavior

The spatial distribution of LST, shown in Fig. 9, exhibits high values for the study area,
ranging from 21 to 42 °C. The month with the lowest average for the period was June with
21 °C, and the highest was December with 42 °C. Regarding the LST behavior from Febru-
ary to June, there is a lower spatial variation in the lower temperatures in the region, which
occurs in the higher areas; in areas with water bodies; and in areas with tree vegetation in
the basin. In this context, the reduction in vegetation areas on the surface modifies the local
microclimatic conditions and directly interferes with the factors that control rainfall and
temperature. Figure 9 reveals that a large extension of the study area has high LST values
and the lowest values are observed in areas with remnants of large-size vegetation.

Figure 10 illustrates the LST profile for the study area. The results reveal that between
2001 and 2011, there was a variation in LST, but the data did not indicate a trend; however,

36
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g.10 Estimated annual LST variation between 2001 and 2017
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Fig. 11 LST profiles: a mean of the study area and b for each type of vegetation cover

for the period 2012 to 2017, the results present a positive trend for the LST increase in this
part of the Brazilian semiarid region, with a mean annual LST above 32 °C. Figure 11a
presents mean LST values for the entire basin. The results highlight that a large part of the
basin exhibits LST values above the basin average. This behavior can be explained by the
small number of rainfall events in the region, as previously observed in the RAI calcula-
tion. Figure 11b presents the LST profiles for each type of vegetation cover analyzed. The
results obtained reveal that the mean LST values for the tree, shrub-tree and herbaceous
vegetation classes were 30, 31 and 30 °C, respectively. The highest mean deviation values
occurred in the herbaceous vegetation class (4.6), followed by tree (4.5) and shrub-tree
(4.4) vegetation.

3.3 Spatial-temporal distribution of LAI

LAI is one of the most important biophysical variables that characterize the vegetation and
dynamics of a land surface. The spatial-temporal distribution of LAI values in the ana-
lyzed period is presented in Fig. 12. Note that the most degraded areas of the basin or
those with shrub vegetation are the sites that have the lowest LAI values. The maps show
that the monthly LAI behavior between August and January is more homogeneous and
presents the lowest values, ranging from O to 3. In contrast, between February and July
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Fig. 13 a LAI profile for the study area and b LAI profiles for the sample areas (caatinga typologies)

there is a greater variation of LAI values, whereas March exhibits the highest values of this
biophysical parameter (4—6) due to the highest historical precipitation values, as shown in
Fig. 2b. Moreover, during the driest months, there is a reduction in water in the vegetation,
which indicates a hydrological stress due to a drought situation (Panday et al. 2015; Gomes
et al. 2017). Precipitation events during drought cycles associated with global solar radia-
tion in semiarid environments influence surface warming, evapotranspiration and the sea-
sonal dynamics of leaf area variations. According to Bezerra et al. (2015), vegetation cover
under water stress tends to absorb less solar radiation, which increases its reflection in the
visible and absorbs more in the infrared, causing lower vegetation indices, for example, the
NDVI and higher surface temperatures.

Observing the spatialization of the LAI in the analyzed period, a decrease in the west-
ern portion of the basin is observed during the dry months. The few areas that continue
to have high levels of LAI, even during the dry period, have tree vegetation, and some
are private areas or environmental protection areas, such as the Jaguar Environmental
Protection Area and Cariri Environmental Protection Area. This type of vegetation does
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not lose leaves, even during periods considered to be dry, but does exhibit a lower bio-
mass density as the rainy period concludes.

As for Fig. 13a, for the mapped regions, the mean LAI values ranged from approxi-
mately 0.4 to 2.4. In the Upper Paraiba River basin, historically some areas have exhib-
ited evident signs of desertification, such as the absence of vegetation, exposed soils
and areas with a high degree of erosion. Figure 13b presents the LAI profiles for the
sampled areas of the caatinga typologies analyzed for the study area. These results
exhibit the expected behavior for the period because the shrub and shrub-tree vegeta-
tion develop faster and have a higher LAI coinciding with the first rainfall events. As
the transition period between the rainy and dry seasons (July and August) begins, there
is a decrease in LAI (leaves fall and turn yellow), lowering the biomass level. Tree veg-
etation clearly presents a decrease in LAI values; however, this type of vegetation is
known to maintain vegetative vigor for longer periods. The results also indicate that
LAI values are considered high for caatinga vegetation when compared to the results for
similar regions obtained by Liu et al. (2010) and Barbosa et al. (2015), who observed a
decrease in vegetation vigor in this region.

3.4 Evaluation of VSWI as an indicator of drought

Figure 14 presents the spatial-temporal distribution of the mean annual VSWI for the
Upper Paraiba River basin. This figure also indicates that the study area experienced
drought conditions during the 2012-2017 study period. As shown in the VSWI anomaly
map for the analyzed period, most of the study area in 2013, 2014, 2015 and 2016 exhib-
ited drought conditions. The lowest VSWI values occurred in classes with negative anom-
aly values, which were primarily in the central and eastern portions of the basin.

The VSWI anomalies in the basin reached approximately —25%, indicating humid con-
ditions in some parts of the basin. This condition is consistent with the mean annual rain-
fall in some parts of the basin, primarily during 2012 and 2017, which marks the beginning
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Fig. 15 Spatial distribution of evapotranspiration (ET) in the study area from 2012 to 2017

and end of the analyzed drought period. However, according to the VSWI, approximately
50% of this basin suffered from vegetation drought conditions, especially between 2013
and 2016. Based on the annual mean, this period was characterized by high VSWI values
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in most of the study area, which contributed to intense signs of drought in much of the
basin, exhibited by vegetation’s loss of biomass.

3.5 Monthly variation in ET

Figure 15 depicts the geographic distribution of the monthly mean ET (January—Decem-
ber) in the study area during the drought from 2012 to 2017. In the months considered
to be rainy (March to May), the highest ET values are concentrated in the southwestern
portion of the basin, which also includes the highest rainfall values according to the spa-
tial distribution of rainfall in the period obtained by Santos et al. (2017) and De Medeiros
et al. (2019). Because ET is directly influenced by rainfall, during the dry season of 8 to
10 months, the highest ET values were recorded in the western and eastern portions. The
occurrence of these values in the western portion of the basin is due to the presence of the
highest areas, for example, Jaguar Environmental Protection Area in S@o Jodo do Tigre,
which has medium to large tree caatinga vegetation and some Atlantic Forest species. The
occurrence of higher ET values in the eastern portion, more specifically in the areas near
Epitacio Pessoa dam, is due to the agricultural areas that supply many cities in the region.
Estimated ET values reveal that annual values increase in the western and central por-
tions of the basin, reflecting variations in rainfall, available energy and temperature. These
ET values at the regional scale are approximately those obtained by Silva et al. (2015) and
Santos et al. (2017), who applied the SEBAL algorithm for basins of the semiarid region
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Fig. 16 a ET profile for each study area in the analyzed period and b ET profiles for three types of vegeta-
tion from 2000 to 2017
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of Brazil. In other words, the results obtained in this study using the MODIS estimates
present ET values in the west that are approximately 1200-1600 mm/year, whereas the
minimum rates in the eastern portion are approximately 700 mm/year (Fig. 15).

This close relationship between ET and other climatological parameters can be
explained by the fact that the ET process is influenced by the variation in incident solar
radiation, a local atmospheric circulation process that regulates the rainfall system, air
and soil moisture conditions, and vegetation conditions, which exhibit considerable dif-
ferences according to the rainy and dry seasons. Overall, actual ET values for the study
area ranged from 21 to 138 mm/month. The month with the highest value was April 2013,
with 138 mm/day, and the lowest observed value was 23.1 mm/month, in October 2012.
Figure 16a presents the ET profile for the entire study area, whereas Fig. 16b shows the ET
seasonality for three types of vegetation during the analyzed period, with both panels pre-
senting the ET seasonality during the period.

4 Conclusion

In this study, the objective was to analyze the spatial-temporal variability in vegetation
dynamics during the drought period from 2012 to 2017 on a monthly and annual scale
within the Upper Paraiba River basin based on MODIS images. It was concluded that
although rainfall can be considered the dominant causative factor in the behavior of vegeta-
tion growth at the large scale, land use and land cover changes may be the key factors for
smaller-scale microclimates.

The behavior of the analyzed variables (LST, LAI and ET) revealed how much vegeta-
tion is influenced by rainfall variability in the semiarid region of Brazil. The spatialization
of the values exhibited a strong seasonal pattern of the analyzed variables, in which the
highest ET values were found in areas known to have remnants of tree-size caatinga veg-
etation from the period considered rainy. The lowest LAI values were observed in the most
degraded areas of the basin, supported by previous studies conducted in the Upper Paraiba
River basin with the use of other sensors (De Medeiros et al. 2019; Silva et al. 2018).

An analysis of the temporal profiles of each variable in the caatinga sample areas (shrub
vegetation, shrub-tree vegetation and tree vegetation) revealed that the caatinga typology
can influence the values of each variable; the shrub and shrub-tree caatinga vegetation are
the most influenced in the transition period. The study demonstrated that the Upper Paraiba
River basin is severely affected by water stress conditions. However, it was also observed
that the drought dynamics indicate erratic behavior, i.e., characterized by several dry and
extremely dry years, which has serious implications for water resource management in the
region and the development of public policies combating droughts in the region. It can also
be concluded that drought reduces vegetation resilience, making plants more vulnerable
to the recurrent disturbances mentioned in this study, as depicted in the monthly VSWI
maps. Thus, vegetation is severely affected by rainfall variability and, in cases of continu-
ous severely dry years, economic and social problems can affect the local population.

The MODIS LST and ET products presented satisfactory results; however, the LAI
products presented overestimated values for the biome analyzed in the dry period. Nev-
ertheless, the results obtained using the MODIS sensor demonstrate that the use of time
series to understand biophysical variables is a safe way to monitor and analyze the envi-
ronmental behavior of a semiarid basin based on a relatively limited amount of data series
obtained through weather stations and equipment.
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The RAI and SPI were effective in representing the dry and extremely dry years in the
analyzed period. Finally, the vegetation dynamics during the dry season were influenced by
rainfall, but the VSWI results showed that even in dry years, vegetation in the region was
influenced by other factors, such as the hydrodynamic properties of the soil and the phenol-
ogy of the caatinga biome’s vegetation.

Finally, this study is important for the region because the application of these vegeta-
tion indices and ET helps identify areas of degradation within the basin and can be used
to identify the behavior of vegetative vigor in different typologies of vegetation cover of
the Brazilian semiarid region during extreme drought events, as the drought occurred from
2012 to 2017. Thus, this study could be used by decision makers to address natural hazards
caused by the intensification of drought periods within this basin and to better manage
water resources to develop the Upper Paraiba River basin.
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