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Abstract: Drought is a significant challenge to semiarid Mediterranean grasslands, Increasing the
accuracy of monitoring allows improving the conservation and management of these vital ecosystems.
Meteorological drought is commonly monitored by the Standard Precipitation Index (SPI) or the
Standard Precipitation Evapotranspiration Index (SPEI). On the other hand, agriculture drought is
estimated by the Vegetation Health Index (VHI). This work aims to optimise the correlation between
both drought types using the best transformation of VHI and the most appropriate time scale. Two
drought-vulnerable Mediterranean grasslands were selected to evaluate the performance of the
drought indexes. The SPI and the SPEI were calculated using data obtained from nearby weather
stations. MODIS data were used to calculate the VHI. This index was standardised, naming it as
SVHI. Our results revealed that SPEI was better correlated with VHI compared to SPI. In addition,
SVHI obtained better results in the critical vegetation phases than VHI. Overall, SPEI and SVHI were
the best correlated indexes. The quarterly scale showed stronger relationships than the monthly
scale and the most correlated time frame were Mediterranean spring and autumn. This fact suggests
that SPEI and SVHI could provide a plus point for increasing the precision of vegetation monitoring
during these periods.

Keywords: meteorological drought; agricultural drought; standardisation; drought indexes

1. Introduction

The prairie regions account for about one third of the earth surface [1,2], being the
permanent grassland over 7 million hectares of the Iberian Peninsula in 2020 [3]. These
ecosystems are particularly important in providing ecological and cultural services, such as
biodiversity conservation, landscape preservation and rural population fixation.

Drought is an important driving force in grassland dynamics and is a limiting fac-
tor in Mediterranean areas [4]. Climatically, it depends on two main interacting forces,
precipitation, and temperature. The amount and timing of precipitation controls grass-
lands productivity, inducing fluctuations in soil water content throughout the seasons [5].
Temperature can regulate plant growth and reduce water availability in spring and fall
in Mediterranean areas [6]. Therefore, it is essential to understand how drought affects
grasslands, as these events are expected to increase with climatic change [7].

Drought is perceived as a deficiency in rainfall to normal levels, namely, a meteoro-
logical drought [8]. The standardised precipitation index (SPI) is the most widely used
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indicator of drought episodes. This index can quantify the degree of wetness by comparing
the same time frame in an entire time series. Usually, the time frame is defined from
1 up to 24 months. As a result of the statistical techniques applied in SPI estimation, a
probabilistic approach uses a z-score transformation to convert the precipitation probability
density function as a distribution with mean zero and variance of one [9,10]. SPI has been
successfully applied in tracking drought effects on irrigated areas [11], drought monitoring
in semiarid regions [12,13] and studying climate change trends through historical rainfall
data [14]. The Standardised Precipitation Evapotranspiration Index (SPEI) is presented as
an improvement of the SPI index [10] and is another standard index for monitoring drought
episodes. To obtain it, potential evapotranspiration (ETP) is calculated and subtracted from
precipitation data. Then, the same statistical approach to estimate the SPI is applied to the
previously obtained water balance data. In general, SPEI was shown to be a better drought
indicator than SPI [15,16] due to the addition of the temperature effect in its calculation.

As it has been reported by several authors, time scale is a critical factor to study the
relationships between NDVI and climate, showing differences inter-monthly, inter-seasonal
and inter-annual time scales [17,18]. Even more, it has been revealed optimal relationships
at different time scales and lagged responses between NDVI and climate [19]. Generally,
the SPI and SPEI time frame can be defined from 1 up to 24 months. Depending on the
drought monitoring time frame, the most used time scales are the monthly, the quarterly
(3-months) and the annual [20,21]. Multiple challenges have been examined through
the literature regarding the multi-time-scale approach. Among them, it is the concept of
drought in semiarid grasslands. The resilience and stability to drought is dependent [22] on
the grassland growth phases. Moreover, multi time scale drought assessment is depending
on the vegetation cover, providing different responses vegetation on semiarid and semi
humid biomes.

Although drought and aridity are treated in the same way, each reflects two different
concepts. Drought is a temporal anomaly; meanwhile, aridity is a constant climatic feature.
However, both are defined based on similar climatic variables, such as precipitation and
evapotranspiration. The United Nations Environment Programme developed the Aridity
Index (AI) in 1992 [23]. Al can be seen as the numerical representation of dryness expressed
as the ratio between annual precipitation and evapotranspiration [24]. Artificial intelligence
has been used to measure drought episodes [25,26]. Even more, Sanz et al. (2021) [27]
related a cumulative AI with cumulative NDVI to characterize the efficient use of water
resources in shorter periods than a year.

Thus far, monitoring large surfaces is still a great challenge. Although remote sensing
(RS) techniques are appropriate tools to supervise grassland ecosystems in Mediterranean
areas [28], because they are statistically reliable, operational robust and economically
cost- effective methods. Vegetation indexes are a powerful instrument for characterizing
vegetation behaviour. In the study of grasslands, the Normalized Difference Vegetation
Index (NDVI) is one of the most used. It has been applied in various research, as an
example: in estimating green biomass ratio [29] between green and above-ground total
biomass, predicting forage quality [30] and monitoring landscape changes in central US
grasslands [31].

Several works have demonstrated the usefulness of NDVI anomalies (NDVIA) in
studying the effect of drought on grasslands vegetation. Furthermore, Li et al. (2014) [32]
concluded that NDVIA could be considered a more accurate drought monitoring index
than NDVI. Later, Nanzad et al. (2019) [33] calculated NDVIA for drought monitoring
and correlated it with climatic factors. As a result, NDVIA could be interpreted as an
agricultural drought index that combines vegetation and climatic responses. In many
works studying the effect of drought on based on the NDVIA index, NDVIAs are calculated
by comparing the NDVI value with the standard deviation as a measure of dispersion.
Standard deviation implies assuming that NDVI follows a normal distribution [34].

However, in grasslands, the normal distribution is not adequate compared to other
types of distributions [6]. This work will apply the same standardisation method used



Remote Sens. 2022, 14, 565

30f17

for SPI and SPEI, fitting the vegetation index values to a gamma distribution. As it is
commonly used in drought studies [35,36], we will use the Vegetation Health Index (VHI)
instead of NDVI due to its great sensitivity to detect drought periods. Furthermore,
we standardised the VHI, defined as SVHI, to establish the relationships between the
standardised meteorological and agricultural drought indexes.

This study aims to evaluate the performance of several climate droughts (SPI and SPEI)
with agricultural drought indexes (VHI and SVHI) in semiarid grasslands at different time
scales. Our specific objectives are to determine which standardised drought index performs
better and to define which time scale correlates best with the standardised vegetation index.

2. Materials and Methods
2.1. Study Sites and Plot Selection

The study area is in the Mediterranean central area of Spain (Comunidad de Madrid).
Two study areas were analysed, ZGU and ZSO (Figure 1), located in Guadalix de la Sierra
and Soto del Real, respectively. The area is characterized by scarce precipitation, cold
winters, and warm summers. Four pixels of 250 x 250 m? were selected in each zone
contained in an area of approximately 1 km?. First, ZGU is limited between (3°38'00” W,
3°39/00"” W) and (40°46’00" N, 40°47'00” N). Second, ZSO is enclosed between (3°45'00” W,
3°46'00” W) and (40°43'00” N, 40°44'00"” N).

10°0W 50w oo 5°0E N
-L A L -L 50w 4°0W 30w
1 1 )

3°46'W X 3°40'W 3°39'W 3°38'W 3°37'W
— S— — — KM
0 05 1 2 0 05 1 2

Figure 1. Site and climate station’s location, ZSO is on the left and ZGU is on the right. Images were
obtained from the Mosaic of current orthophotos corresponding to sheet 0509 of the MTN50 in Spain
during the years 2017, 2018. Pixel plot size: 250 x 250 m?, Pixel orthophotographs size: 0.05 x 0.05 m2.
RGB composition. Blue crosses are the locations of the climate station locations and red pinpoints are
the soil trench locations. Adapted from: [37].

The ZGU area belongs to the Brachypodion phoenicoidis alliance, growing in soils with a
heavy texture and an important percentage of clay and silt. The most frequent species in
these natural pastures are Dactylis hispanica and Poa angustifolia [38,39].

The ZSO zone is an early Mediterranean grassland abundant in thermophiles and
dominated by a vivacious annual vegetation. They are principally acidophilic gramineous
of medium size, growing in the Guadarrama Sierra. The predominant species are Festuca
Ampla and Agrostis castellana [38].
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The altitude is comparable in ZGU and ZSO, 820 and 958 meters above the sea level
(m.a.s.l), respectively. However, the slope of ZGU is fairly higher than ZSO (Table 1). Each
soil trench presents differences in their physical and chemical soil properties [40]. The ZGU
soil is a caloric regosol [41] with a topsoil between (0-5 cm) and an AB horizon (5-25 cm).
Both horizons present the same colour and show a clay loam texture, with a great content
of clay and a pH of 7.2. The ZSO soil is classified as a dystric cambisol presenting an Au
topsoil (3 cm) and an Au2 horizon (20 cm) with a distinct colour in each of them, both
present a sandy loam texture, with a grand content of sand (around 75% with both types of
sand) and a pH ranging from 5.4 to 5.8. The topsoil and the beneath horizon water holding
capacity (WHC) is estimated from the pedotransfer function suggested by [42]. For more
information about the soil properties, see [37].

Table 1. Soil horizons and zone characteristics of both study areas. ZGU = Guadalix de la Sierra,
ZS0O = Soto del Real. Adapted from: [37,40].

ZGU ZSO
Thickness (cm) 5 Thickness (cm) 3
Colour 10YR3/4 Colour 10YR3/2
Silt (%) 29 Silt (%) 19
A Coarse Sand (%) 12 Au Coarse Sand (%) 37
Fine Sand (%) 25 Fine Sand (%) 38
Clay (%) 34 Clay (%) 6
Bulk Density (g/cm3) 1.2 Bulk Density (g/cm3) 15
Water Holding 133 Water Holding 117
Capacity (%) ' Capacity (%) '
Thickness (cm) 20 Thickness (cm) 12
Colour 10YR3/4 Colour 10YR4/4
Silt (%) 22 Silt (%) 18
AB Coarse Sand (%) 24 Au2 Coarse Sand (%) 30
Fine Sand (%) 13 Fine Sand (%) 47
Clay (%) 41 Clay (%) 5
Bulk Density (g/cm3) 1.2 Bulk Density (g/cm3) 1.7
Water Holding 126 Water Holding 111
Capacity (%) ' Capacity (%) '
Slope (%) 11.7 Slope (%) 4.7
Zone Height (m) 820 Zone Height (m) 958
attributes  Precipitation (mm) 576 attributes  Precipitation (mm) 550
Temperature (°C) 12.6 Temperature (°C) 13.6

2.2. Satellite Data and Vegetation Index Calculations

MODIS (Terra and Aqua) and Landsat are the most employed imagery in long-term
vegetation research [1], being successfully applied in the study of semiarid grassland
cover and playing an important role in the pasture insurance policy in Spain [43]. The
MOD09Q1 product offers imagery at 250 m resolution of the RED (620670 nm) and NIR
(841-876 nm) surface reflectance. Observations from the same orbit are composited by
observational coverage and the highest coverage observations are stored in an 8-days
period. Each orbit’s observation is rated based on multiple criteria: clouds, cloud shadow,
aerosol quantity, and view angle. [44]. Atmospheric correction is computed using an
LPDAAC algorithm specialized in curing MODIS imagery data [45,46]. The reflectance
of the study plot was monitored from 2001 to 2020. Each year, 46 images were acquired,
giving a total of 920 images during the study period. Vegetation indexes (Table 2) were
calculated from the reflectance bands of these images.
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Table 2. Selected vegetation-drought indices used in this study and their reference.

Index Equation Reference

Normalized difference vegetation NIR (860 nm)— RED(660 nm)

index (NDVI) ! NDVT = QR (860 nm) +RED(660 nm) [47]
100 x* (NDVI;—NDV I,
Vegetation condition index (VCI) VCI = ( ND(V Tome— ND V) ) [48]
100 * (LSTyax—LST;

Temperature condition index (TCI) 2 TCI = W [48]
Vegetation health index (VHI) 3 VHI = (a % VCI) + (1 —a) x TCI [48]

I NIR is the near-infrared reflectance (860 nm), and RED is the red reflectance (660 nm). 2 LST; is the LST value in
each date. 3 ais a coefficient that depends on the dry conditions of the area.

The normalized difference vegetation index (NDVI) is an adequate estimator of the
photosynthetic activity and vegetation growth. Dense and healthy vegetation show high
values (>0.5), whereas sparse or stressed vegetation present low values, due to adverse
conditions, mainly climate and soil. NDVI series was calculated in each pixel, and their
average value was employed in the analysis.

According to scientific literature, the vegetation health index (VHI) is shown to be
an improved version of NDVI, allowing to detect drought and non-drought periods [48].
Two components define it mathematically. The first represents the vegetation component,
named as vegetation condition index (VCI), and the second component corresponds to
the land surface temperature and is defined as temperature condition index (TCI). TCI
is considered a thermal stress indicator to quantify temperature-related drought periods.
This index is sensitive to vegetation drought stress based on soil moisture variations
during wet and drought periods. Land surface temperature (LST) was obtained from
MOD11A2 product, which provided the temperature average 8-day per-pixel with a spatial
resolution of 1 Km [49].

2.3. Climatic Data

Daily meteorological data were obtained from two different AEMET stations (Agencia
Estatal de Meteorologia). ZGU station is established at Venturada (40°47'53.79" N, 3°37'30.49” W)
and ZSO meteorological station is situated between Soto del Real and Colmenar
Viejo (40°41'46.008” N, 3°45'54.019” W). Both are nearby to the selected zones (see Figure 1) [37].

Daily series of average temperature and precipitation from 2001 to 2020 were extracted.
Annual average precipitation and temperature were obtained from a 20-year time series
(Table 1) at each location. The average precipitation of Guadalix de la Sierra (576 mm) was
higher than Soto del Real, whereas the temperature (12.6 °C) was lower than Soto del Real
(560 mm), respectively.

Precipitation and temperature series were resampled to an eight-day frequency to
be analysed on the same time scale as the VHI time series. Precipitation (PCP) is the
accumulated precipitation every eight days, and the temperature (TEMP) is the average
temperature in the same period. Both series were analysed using descriptive statistics
to characterize the climate conditions of the study. Then the Hargreaves-Samani expres-
sion [50] was used to calculate the reference evapotranspiration (ETy; mm d ') based on
Equation (1).

ETy = 0.0135 % kg * 0.408  Hy % (Ty, +17.8) % (T — T,)*° (1)

where kgs is the Hargreaves empirical coefficient; Hy is extraterrestrial radiation (M] m~2 d~—1);
and Ty, Ty and T}, are the daily averages, maximum and minimum air temperature (°C),
respectively. Daily extraterrestrial radiation (Hp) is calculated based on the day of the
year and the geographical position of each plot [51]. The value of kzs was set at 0.16 as
recommended for arid and semiarid interior regions [52].
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2.4. Standardised Indexes

As mentioned above, standardised indexes are calculated on various time scales. In
our case, we have used monthly (1 month) and quarterly (3 months) the scales in this
work, as these are the most usual time scales found in the literature [20,21,53] and the most
suitable to be studied. Annual scale was not considered in this work because quarterly
trends and tendencies of VHI could be vanished. On the quarterly scale, each trimester
presented a constant time length and a VHI trend, representing the semi-arid grasslands
studied in Spain. The first one goes from January to March, and the last one from October
to December.

2.4.1. Standardised Precipitation Index

The SPI is computed by fitting a given precipitation series” gamma probability density
function (PDF). This adjustment is performed separately for each temporal basis on which
the precipitation is built. Then, the data is transformed to a normal distribution where the
mean SPI for the station and the needed period is zero.

Positive SPI values show excess rainfall, while negative SPI values correspond to a
precipitation deficit. Further details on the SPI method could be found in the [54,55] works.

2.4.2. Standardised Precipitation Evapotranspiration Index

To obtain the SPEI, we calculated the daily water balance, which is the difference
between the daily precipitation and the daily potential evapotranspiration. We then ag-
gregated the values at the time scales of interest to acquire the starting data [56]. Later,
the same standardisation method of SPI is applied to the water balance time series. The
method used to calculate SPEI is fully described in [10] work.

2.4.3. Standardised Vegetation Index

The approach to calculating the standardised vegetation health index (SVHI) is pri-
marily based on the standardisation method used in SPI calculation applied to VHI values.
Standardisation is applied to the VHI values of the month’s last date when working on a
monthly scale. In the case of the quarterly scale, it is applied at VHI values of the trimester’s
last date.

A scientific review revealed that it is recommended to use a variable depending on
the study area [57,58]. Therefore, we maximized the correlation between SVHI, SPI, and
SPEI to obtain the optimal « in each zone and time scale. From now on, the subsequent
analyses were applied to the optimal SVHI. The optimal VHI was estimated using the same
o values obtained in the optimization of SVHI.

2.5. Correlation Analysis

We used Pearson’s correlation analysis to examine the standardised indexes relations
in each zone. In the first step, we calculated the correlation values along with the whole
time series. Equation (2) is used to compute Pearson’s correlation values.

_cov(SV1;,yp)

I(sv)«Y(y;)

()

where SVI; is the SVHI or VHI values at i time scale, and the y;; is the [ indexes (SPI or
SPEI) values at the i time scale. We calculated the correlation for each unit scale: month
and quarterly to determine the best correlated time frame in the series.

2.6. Classification and Quantification of Drought Episodes

Based on a bibliography review in the field of meteorological and agricultural drought
indexes [59-61], we classified SPI, SPEI, VHI, and SVHI to define four different drought
classes. Values were classified as follows in Table 3:
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Table 3. Classification of meteorological and agricultural drought indicators using the index value (IV).
The threshold values of IV are adapted from [59-61].

SPI, SPEI and SVHI VHI
Extremely drought IV<-2 IV<10
Severe drought —2<IV<-15 10<IV <20
Moderate drought -15<IV<—1 20<IV <35
No drought IV>-1 IV >35

3. Results
3.1. Descriptive Statistics

We estimated the VHI time series to reveal the drought epochs in the vegetation.
VHI was composed of two elements. VCI, which characterized the vegetation behaviour
(Figure 2a) and TCI, which represented the land surface temperature (Figure 2b). It was
important to notice that the higher the value of TCI and VCI was, the better the vegetation
condition was. In one hand, we observed that VCI is higher in ZGU during Q2 and Q3,
during the most drought vulnerable seasons in the year (spring and the summer). On the
other hand, the TCI of ZGU is higher in the entire year, showing that vegetation is in a
better state than ZGU. Overall, we could expect a minor number of drought events in ZGU
compared to ZSO.

(a)

O vazeu [0 vazso

Index Value

sBon

(b)

0O Tazeu [ Tazso

100- 1

Index Value

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

Date (Month-Day)

Figure 2. Vegetation Condition Index (VCI) (a) and Temperature Condition Index (TCI) (b) statistics
from 2001 to 2020, along the year in each zone: ZGU = Guadalix de la Sierra, ZSO = Soto del Real.
The Y-axis shows a box and whisker plot of VCI and TCI on each date. The error bars indicate the
maximum and minimum values; horizontal lines indicate the median value, and the box indicates
the 25% and 75% percentiles. Q1, Q2, Q3 and Q4 are the quarters of the year.
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The dispersion and evolution of the VHI through the different quarters showed a
similar pattern for the two zones under study (Figure 3). The summer presented the lowest
values, which began to increase in Q3 and reached a peak in Q4. The variation in VHI
data throughout the year ranged from 10 to 82, with the highest dispersion at Q2 and Q4.
Generally, the VHI values at ZGU were higher than those of ZSO in the Q2 and Q3 quarters.
This difference is probably because of the difference in temperature in both sites (Table 1).
However, during the middle Q4 and Q1, the VHI values in ZSO were higher than in ZGU.

VHI_ZGU VHI_ZSO

80

Index Value

40

NwlN =N a2 o s
2N S o o SRy o ® o N
4 5 6

Date (Month-Day)

Figure 3. VHI vegetation index statistics, from 2001 to 2020, throughout the year in each zone:
ZGU = Guadalix de la Sierra, ZSO = Soto del Real. The Y-axis shows a box-and-whisker plot of VHI
(Vegetation Health Index) on each date. The error bars indicate the maximum and minimum values;
horizontal lines indicate the median values, and the box indicates the 25% and 75% percentiles. Q1,
Q2, Q3 and Q4 are the quarters of the year.

A similar quarterly pattern appeared in the VHI and the precipitation dispersion
(Figures 3 and 4a). Both zones shared similar behaviour in the volume and dispersion of
precipitation. Although precipitation appeared to be erratic, presenting a great dispersion
in Q4 and Q2. Meanwhile, the lowest data dispersion was observed in Q3. The highest
temperature dispersion was found in spring (Figure 4b). Temperature variation at both
sites was around 1 °C. Differences were more noticeable during Q3 (mainly summer) and
at the beginning of Q4 (October).

Summarising the annual cycle in both zones, precipitation and temperature patterns
were quite similar. The lack of precipitation was noticeable during summer; autumn rain
events were synchronised with the increase in VHI. A similar result is obtained at the
beginning of spring when precipitation and VHI increased simultaneously in both zones.
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h Q1 Q2 Q3 Q4

(a)

Date (Month-Day)

TEMP_ZG TEMP_ZSO

Q1 Q2 Q3 Q4

(b)

Date (Month-Day)

Figure 4. Accumulated 8-day precipitation (PCP) (a) and temperature (TEMP) (b) statistics through-
out the year, including from 2001 to 2020, in each zone: ZGU = Guadalix de la Sierra, ZSO = Soto del
Real. The Y-axis shows a box and whisker plot of (a) PCP_ZGU, PCP_ZSO, and (b) TEMP_ZGU and
TEMP_ZSO on each date. The error bars indicate the maximum and minimum values, the horizontal
lines indicate the median values, and the box indicates the 25% and 75% percentiles. Q1, Q2, Q3 and
Q4 are the quarters of the year.

3.2. Standardised Indexes Time Series

The SVHI pattern showed a better similarity with the meteorological drought indexes
in the quarterly division than on the monthly time scale (Figures 5 and 6). There is no easily
perceived remarkable difference between SPI and SPEIL We could also note that the ZSO
time series might be better correlated than the ZGU time series. Especially at the end of
the time series, we could detect that SPI and SPEI are better overlapped with SVHI in ZSO
than ZGU.

We could observe in Figure 7 the effects of standardisation and the use of a variable
alpha in the correlation between SVHI and drought indexes. We recognised a parabolic
trend on the monthly scale and a logarithm shape on the quarterly time scale in both zones.
We could detect that both time scales presented a remarkable maximum, being (&« = 0.2) in
the monthly’s monthly scale and (x = 0.6) in the quarterly case.
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Figure 5. SVHI (Standardised Vegetation Index), SPI (Standardised Precipitation Index), and SPEI
(Standardised Precipitation Evapotranspiration Index) time series at different time scales in ZGU
(Guadalix de la Sierra). The red dotted lines mark +1 values.
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Figure 6. SVHI (Standardised Vegetation Index), SPI (Standardised Precipitation Index), and SPEI
(Standardised Precipitation Evapotranspiration Index) time series at different time scales in ZSO
(Soto del Real). The red dotted lines mark +1 values.
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Figure 7. Correlation between meteorological drought indexes (SPI and SPEI) and standardised
vegetation index (SVHI) at different time scales (M: Monthly, Q: Quarterly) in ZGU (Guadalix de la
Sierra) and ZSO (Soto del Real). The alpha corresponds to the « value in the VHI equation in Table 2.
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3.3. Correlation Analysis

A considerable difference in the correlation values between the entire time series of the
VHI, SVH]I, and drought indexes (SPI, SPEI) at different time scales was observed (Table 4).
The correlation increased when standardisation was applied to the VHI in both zones. At
the same time, we confirm the supposition exposed in the time series plots, where the
quarterly division seemed to be the most suitable time scale to analyse drought indexes.

Table 4. Pearson series correlation values between VHI (Standardised Vegetation Index) and SVHI
with SPI (Standardised Precipitation Index) and SPEI (Standardised Precipitation-Evapotranspiration
Index) at different time scales. M is the monthly time scale; Q is the quarterly time scale.

Zone Scale VHI-SPI VHI-SPEI SVHI-SPI  SVHI-SPEI
M 0.14 0.13 0.40 042
ZGU Q 0.30 0.30 0.64 0.65
M 0.13 0.14 0.41 043
750 0 0.28 0.30 0.69 0.71

The correlation between SVHI and SPI revealed that the most correlated months were
March and May in both zones (Table 5). This fact is repeated in SPEI, in exception of ZGU,
which showed the higher correlation in May and September. The most correlated seasons
were spring (April-June) and winter (October—December) in both zones on the quarterly
scale, achieving values greater than 0.68 in all cases. Nevertheless, we could still observe
differences between zones. Generally, ZGU obtained values smaller than ZSO. However, it
is interesting to note that the trend reversed in (Q3) mainly summer months when ZGU
obtained higher values than ZSO in both indexes.

Table 5. Correlation values between SVHI (Standardised Vegetation Health Index), SPI (Standardised
Precipitation Index), and SPEI (Standardised Precipitation Evapotranspiration at different time frames
in both zones: ZGU (Guadalix de la Sierra) and ZSO (Soto del Real). M is the monthly scale; Q is the
quarterly scale.

SVHI-SPI

January February

March  April May June July August September October = November December

M 0.19 0.33 0.63 014 0.3 034 037 0.50 0.59 0.07 0.28 0.66
zeu Q 0.51 0.69 0.66 0.72
M 0.18 0.35 0.72 0.30 0.69 047  0.05 0.54 0.64 0.32 0.36 0.27
80 Q 0.72 0.80 0.56 0.69
SVHI-SPEI
January February March April May June July August September October  November December
M 0.21 0.21 0.64 017 0.69 043 047 0.45 0.67 0.12 0.29 0.66
zeu Q 0.48 0.70 0.69 0.73
M 0.18 0.26 0.73 0.32 0.78 057 0.4 0.50 0.66 0.30 0.40 0.28
80 Q 0.68 0.83 0.61 0.74

Overall, the previous time series plots and correlation analysis support the idea that the
quarterly time scale is the most suitable for analysing the studied semiarid Mediterranean
grasslands.

3.4. Drought Classification

The drought classification suggested that ZGU suffered a minor number of drought
events compared to ZSO (Table 6). As we could observe, the SPI did not show a notable
difference between zones, neither on the monthly nor quarterly time scales. SPEI and SVHI
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showed better results, especially on the quarterly time scale, where moderate drought
increased compared to SPI. However, the VHI was the best approach to distinguish between
both zones. The VHI showed a remarkable difference in the case number of extreme drought
cases between both zones monthly.

Table 6. Drought classified data frequency of drought index (SPI, SPEI), non-standardised vegetation
health index (VHI), and standardised vegetation health index (SVHI) in both zones, Guadalix de la
Sierra (ZGU) and Soto del Real (ZSO). M is the monthly scale. Q is the quarterly scale.

Zone Scale Class Drought SPI SPEI VHI SVHI
No drought 202 201 171 205
Moderate drought 17 30 48 19
M Severe drought 12 9 20 9
Extremely drought 9 0 1 7
TOTAL 240 240 240 240
ZGU
No drought 71 68 57 68
Moderate drought 6 9 21 7
Q Severe drought 2 2 2 2
Extremely drought 1 1 0 3
TOTAL 80 80 80 80
No drought 203 193 162 205
Moderate drought 17 36 36 22
M Severe drought 13 11 31 7
Extremely drought 7 0 11 6
750 TOTAL 240 240 240 240
No drought 73 65 49 66
Moderate drought 4 12 15 10
Q Severe drought 2 2 16 1
Extremely drought 1 1 0 3
TOTAL 80 80 80 80

Meanwhile, on the quarterly scale, the critical point was the number of severe drought
cases. In general, we speculate that LST influenced the TCI and VHI values. Therefore,
VHI was able to better distinguish between both zones. However, it is important to note
that SVHI was better correlated with SPI and SPEI at meteorological drought epochs.

4. Discussion

Vegetation indexes are an effective indicator of grassland cover. Their response is
highly interrelated with climate and agricultural conditions [62,63]. In fact, multiple
authors [64,65] have reported a clear relationship between grasslands vegetation and water
availability. In this line, the amount, variability, and timing of precipitation and temperature
are determining factors of grassland production [6,66].

Regarding VIs, when precipitation rise, generally, the VI value increases [67,68] with a
potential delay between both of them [69]. Our results reach the same conclusion, VCI and
VHI showed greater values during the autumn and spring transition phases and achieved
low stable values during winter and summer, when temperature and precipitation are
limiting. Similar trends for MODIS NDVI were reported by [27,70], suggesting that NDVI
is restricted, as well as grassland vegetation, during the summer and winter seasons.

The precipitation amount and dispersion increased during autumn (Figure 4a); as a re-
sult, VIs spread simultaneously in the same time frame [71,72]. This fact could be explained
because of the rainfall patterns that define the temporal variability of soil moisture and,
in turn, vegetation activity in soils [73]. At both zones, the precipitation pattern is similar.
However, the ZSO VIs were higher than in the ZGU, suggesting that the temperature dif-
ference could explain the decrease in Vs due to cold stress induced in grassland vegetation
during winter and drought stress during summer [74].
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Analysing the effect of temperature on the VIs, during autumn, the VIs (VCI and VHI)
in ZSO indicate a higher increase with similar precipitation, most likely due to a higher
temperature in ZSO. At the start of spring, the VIs in ZGU show a remarkable increase
whereas, in ZSO the VIs remained constant. This fact is reflecting the growth of biomass as
the temperature increases, producing the Mediterranean spring herbage flush [75]. In the
second part of the spring, the VIs decreased more quickly in ZSO than in ZGU. At the end
of spring, both zones achieved similar VIs. However, the value of ZSO was slightly lower
during the summer. The results of the WHC (water holding capacity) indicate that the ZGU
soil is able to retain more water compared to the ZSO soil. Thus, the soil mixed interactions
between moisture and lower temperatures in ZGU might explain the difference with ZSO
during spring and summer. In general, soil moisture is defined as a connection element
between vegetation growth and precipitation, regulating rainfall storage and availability,
therefore determining vegetation dynamics [76-79].

The Results section shows that the SVI series pattern was more distinctive on the
quarterly time scale than in the monthly scale. These results are in line with those obtained
by [80]. We speculate that the main reason is the time scale increment (from 1 month to
3 months). This increase allows changing the number of drought events as the time series
becomes smoother with fewer abrupt changes. As the reference period rises, the aggregate
rainfall value changes from one month to three months; hence, the variations are minor
and less significant [81].

It has been thoroughly discussed the optimal time scale to be used in the SPI and SPEI
studies. At monthly scale [53], vegetation appears to show a more obvious response to
hydrothermal conditions. Whereas quarterly time scale seems to reveal seasonal trends
and patterns (3-months) between drought and vegetation response. In our case, we could
observe that the highest values were obtained in the quarterly time scale. This in line
with [82] research, revealing that grassland cover showed the highest correlation with
SPEI-3. Although, other works suggest that monthly and annual time scales might be more
explanatory [16,64]. Thus, it is essential to consider the influence of the local conditions in
the vegetation response to drought.

Our results suggest that spring and autumn, and particularly May and September,
are the most correlated time frames throughout the year. Similar conclusions were drawn
from the work [13] that obtained higher correlations in the crop growth period. In our case,
spring, and autumn are the seasons when the NDVI reaches its peak.

All standardised indexes showed significant indicators of SVI status in the critical
phases, spring, and autumn. SPEI stands out over SPI; this probably results from the
addition of evapotranspiration to the analysis. This result aligns with research [12], where
SPEI showed better results than SPI. Therefore, we should consider the growth period of
grassland vegetation in these zones, and this reaffirms the utility of standardised indexes
in the critical growth phases.

5. Conclusions

Remote sensing imagery, particularly MODIS time-series data, have great potential
to assess grassland dynamics. However, it is difficult to choose a suitable drought index
to monitor these ecosystems in arid and semiarid conditions. Therefore, in this work,
two standardised indexes (SPI and SPEI) were selected to examine their performance in
semiarid grasslands.

Our statistical analysis showed that a previous VIs standardisation improved the
correlation with climate variables. Therefore, it is recommended to consider the possibility
of including a data pre-treatment to obtain the most accurate relationships between drought
and aridity indexes (SPI and SPEI) with vegetation indexes (VHI and SVHI). It is also
notable that optimisation of the o coefficient further improves the correlation values.

These results emphasise the importance of the time scale as a determinant factor in
monitoring semiarid grasslands. The three months scale proved to be the most appropriate
for estimating these standardised indexes in semiarid grasslands.
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We have obtained satisfactory results, showing that SPI and SPEI are suitable vegeta-
tion and water status indicators. Therefore, our approach has the potential to improve the
monitoring and management of semiarid grasslands. Future research should consider the
estimation of these indexes in grasslands under different climates and the implementation
of computing methods involving vegetation and drought indexes complementary.
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