ﬁ water

Article

Comparison of Long-Term Changes in Non-Linear Aggregated
Drought Index Calibrated by MERRA-2 and NDII Soil
Moisture Proxies

Fhumulani Mathivha 1-*

check for
updates

Citation: Mathivha, F.; Mbatha, N.
Comparison of Long-Term Changes
in Non-Linear Aggregated Drought
Index Calibrated by MERRA-2 and
NDII Soil Moisture Proxies. Water
2022, 14, 26. https://doi.org/
10.3390/w14010026

Academic Editor: Hossein Tabari

Received: 9 November 2021
Accepted: 13 December 2021
Published: 23 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Nkanyiso Mbatha 2*

1
2

Department of Earth Sciences, University of Venda, Thohoyandou 0950, South Africa
Department of Geography and Environmental Studies, University of Zululand,

KwaDlangezwa 3886, South Africa

*  Correspondence: fhumulani.mathivha@univen.ac.za or fhumulani.mathivha@icloud.com (EM.);
mbathanb@unizulu.ac.za (N.M.)

Abstract: This study aimed at evaluating Modern-Era Retrospective Analysis for Research and Appli-
cations, Version 2 (MERRA-2) and Normalized Difference Infrared Index (NDII) soil moisture proxies
in calibrating a comprehensive Non-linear Aggregated Drought Index (NADI). Soil moisture plays a
critical role in temperature variability and controlling the partitioning of water into evaporative fluxes
as well as ensuring effective plant growth. Long-term variability and change in climatic variables
such as precipitation, temperatures, and the possible acceleration of the water cycle increase the un-
certainty in soil moisture variability. Streamflow, temperature, rainfall, reservoir storage, MERRA-2,
and NDII soil moisture proxies” data from 1986 to 2016 were used to formulate the NADI. The trend
analysis was performed using the Mann Kendall, SQ-MK was used to determine the point of trend
direction change while Theil-Sen trend estimator method was used to determine the magnitude of
the detected trend. The seasonal correlation between the NADI-NDII and NADI-MERRA-2 was
higher in spring and autumn with an R? 0f 0.9 and 0.86, respectively. A positive trend was observed
over the 30 years period of study, NADI-NDII trend magnitude was found to be 2.94 units per year
while that of NADI-MERRA-2 was 1.21 units. Wavelet analysis showed an in-phase relationship with
negligible lagging between the NDII and MERRA-2 calibrated NADI. Although a robust comparison
is recommended between soil moisture proxies and observed soil moisture, the soil moisture proxies

in this study were found to be useful in monitoring long-term changes in soil moisture.

Keywords: drought; drought indices; evaporation; soil moisture; SQ-MK; trends analysis; water
resources; wavelet analysis

1. Introduction

Climate change is expected to alter precipitation, temperature and increase the prob-
ability of occurrence of extreme events such as heatwaves, sea surface temperature, and
droughts amongst others. Drought hazards are considered relative rather than absolute
condition because they found in both high and low rainfall areas [1]. Studies such as [1,2]
reported that droughts are characterised by slow-onset hazards and a slow, gradually
creeping phenomenon. The latter phenomenon is defined as an extended period, either
seasonal or annual where an area receives below-average rainfall [2]. Globally, drought
frequency, severity and durations are reported to have been increasing [1]. For the case
of the Limpopo River Basin, it lies between 20° and 25°, and [3] reported that countries
located between these latitudes in southern Africa are in a drought corridor, which makes
them prone to dry spells. The severity of drought is being aggravated by the rise in water
demand and global climate change [4], putting water supplies and agricultural production
and consequently food security at risk [2]. In disciplines, such as atmospheric science and
agriculture, dynamics of soil moisture in the root zone of vegetation is essential, since this
part of the vadose zone is the core component controlling the partitioning of water into
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evaporative fluxes, drainage, recharge, and runoff [5]. Soil moisture is generally driven by
climate, particularly precipitation and temperature [6]. Precipitation is the main source of
soil moisture, while temperature affects soil moisture by controlling evapotranspiration [7].
Long-term changes in climatic variables such as precipitation and temperatures driven by
a warming planet and the potential acceleration of the water cycle increase the uncertainty
in soil moisture variability [8,9] further stated that reduced soil water levels are typically
associated with soil water stress for vegetation, which constitutes a major constraint on
the physiological functioning of natural and cultivated ecosystems and which can thus
lead to large impacts on agricultural production. For the case of developing countries,
community’s livelihoods are greatly dependent on agriculture, while drought events can
have devastating impacts, leading to famine, migration, and potential conflict [10].

For long-term drought monitoring and assessment, different drought quantifying
parameters are used, however, drought indices have been used as drought quantifying
parameters. The Standardised Precipitation Index (SPI) [11], Standardised Precipitation
Evaporation Index (SPEI) [12], Normalised Difference Vegetation Index (NDVI) [13], Palmer
Drought Severity Index (PDSI) [14], Surface Water Index (SWI) [15], Aggregate Drought
Index (ADI) [16] among others have been applied extensively in drought studies. Since
drought exhibits multi-dimensional characteristics and influenced by several factors [17-19]
indicated that a simple index that depends on one variable to define drought (i.e., SPI) is
often faced with challenges in capturing drought onset. For a comprehensive picture of
catchment drought, an index that considers most or all components of the hydrological
cycle is more useful. Indices such as Aggregated Drought Index (ADI), and Non-linear
Aggregated Drought Index (NADI), [20] and consider all components of the hydrological
cycle. Soil moisture is a required variable in the formulation of ADI, PDSI, NADI. This
parameter is considered important since it governs the partitioning of the mass and energy
fluxes between the terrestrial system in land-atmosphere interactions [21,22], thus playing a
key role in the assessment of the different components of the water and energy balance [23].

Long-term observed soil moisture data are sparse in many developing countries be-
cause of the cost associated with monitoring. Thus, indirect methods are often used to
monitor and quantify soil moisture. Physically based and land surface models provide
estimates of soil moisture [24] while certain drought indices are also used as a proxy of soil
moisture [12,25]. Computational improvement of flow through two and three-dimensional
heterogeneous soils was reported through a combination physically-based Extended Cellu-
lar Automata model and asynchronism strategy by [26]. The Richards” equation has been
successfully applied in modelling studies to model movement in unsaturated soils [27].
However, an analytical solution of Richards’ equation is complex as it depends on the pecu-
liar choice of hydraulic functions and boundary conditions [28]. Ref. [26] also indicated that
due to the nature of hydrological modelling, the application of physically-based models at
the catchment scale is limited due to intensive calculation requirements. Therefore, it is for
this reason that the current study proposes to apply a soil moisture proxy approach.

Several remote sensing products have been developed for monitoring soil moisture
(e.g., SMOS, ERS, and AMSR-E) but until now correlations between remote sensing products
and observed soil moisture at different depths have been modest at best [29]. The NDII is
widely used to monitor the equivalent water thickness of leaves and canopy [30]. While
comparing NDII with a lumped conceptual model, Ref. [5] illustrated the potential of the
NDII as a proxy for catchment-scale root zone moisture deficit. The MERRA-2; Ref. [31]
is the first long-term global reanalysis to assimilate space-based observations of aerosols
and represent their interactions with other physical process in the climate system. On
the MERRA-2 land surface hydrology estimates assessment study, Ref. [32] showed that
MERRA-2 and MERRA-Land have the highest surface and root zone soil moisture skill,
slightly higher than that of ERA-Interim/Land and higher while being validated against in
situ measurements from over 300 stations in North America, Europe, and Australia. This
study, therefore, aims to formulate a long-term NADI calibrated with MERRA-2 root zone
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soil moisture and NDII as a soil moisture proxy. The selected soil moisture proxies are also
compared for their performance in soil moisture estimations as utilised in this study.

2. Materials and Methods
2.1. The Study Area

The Luvuvhu River Catchment (LRC) study site is located between latitudes 22°17'33.57" S
and 23°17'57.31” S and longitudes 29°49'46.16" E and 31°23/32.02” E in Limpopo Province
in north eastern part of South Africa, shown in Figure 1. The LRC covers an area of
approximately 5941 km? with topography ranging between 198 m and 1450 m above sea level.

South Africa
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— Luvuvhu River Tributaries M 1450
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0 18 36 54 72 km
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Figure 1. The study area, Luvuvhu River Catchment.

The nature of the catchment’s topography influences rainfall distribution with the
highest rainfall received in the upper reaches while the lower reaches around the Kruger
National park receiving the lowest rainfall during the wet season. The distribution of
rainfall through the year shows a highly seasonal characteristic with 95% of the rainfall
occurring during the summer months (October and March). The upper reaches Mean
Annual Precipitation (MAP) is approximately 1800 mm/annum with hotter areas in the
Lowveld receiving precipitation of 400 mm/year. The overall mean annual rainfall of
the catchment is 608 mm and the mean annual run-off is 520 x 10® m3 [33]. Areas that
experience lower rainfall occurrence in the catchment tend to experience greater variability
than the higher rainfall areas. In this area, temperature increases from the mountains in the
west part to the lower reaches in the east part of the catchment. In terms of meteorology,
local towns such as Thohoyandou experience daily temperatures that range approximately
25 °C to 40 °C in summer and between 22 °C and 26 °C in winter months [34]. The study
area is dominantly rural, with a community that is highly dependent on commercial and
subsistence agriculture.

2.2. Datasets and Data Pre-Processing

Data requirements for the computation of NADI in the LRC included; rainfall (weather
stations: Mukumbani, Klein Australie, Matiwa, Nooitgedatch, Levubu, Vondo Bos, Shefera,
and Tshivhase), evaporation (station A9E002), streamflow (stations: ASH003 and A9H006,
A9HO012 and A9HO013), reservoir storage volume (Vondo Dam), soil moisture data. Monthly
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data for 30 hydrological years spanning from 1986 to 2016 were considered for the study.
Figure 1 shows the location of rain gauges, reservoirs, weather station, and streamflow
within the catchment. Table 1 shows the location, elevation, and mean data for the respective
datasets used in the study. Daily minimum and maximum temperatures from three weather
stations (Levubu, Mukumbani, and Tshivhase stations) were collected from SAWS.

Table 1. Location and other characteristics of the respective datasets used in the study.

Location Elevation
Station Name Latitude Longitude m.as.l Mean
Mukumbani —22.9169 30.4055 762 82.32 mm
Klein Australie —23.05 30.22 702 97.72 mm
Matiwa —22.98 30.28 1311 147.25 mm
Rainfall Nooitgedatch 23.07 30.2 762 78.65 mm
Levubu —23.0798 30.28 706 66.08 mm
Vondo Bos —22.933 30.333 1130 111.27 mm
Shefera —23.03 30.12 1214 103.68 mm
Tshivhase —22.9607 30.3545 976 120.77 mm
Mukumbani —22.9169 30.4055 762 20.512 °C
Temperature Levubu —23.0798 30.28 706 19.643 °C
Tshivhase —22.9607 30.3545 976 21.154 °C
Evaporation A9E002 —23.124 30.105 801 112.459 mm
A9H003 —22.898 30.5238 554 24214 m/s
Streamflow A9HO006 —23.0357 30.2775 693 10.502 m/s
A9HO012 —22.7685 30.8893 428 82.456 m/s
A9HO013 —22.4377 31.0778 258 81474 m/s

Note: m.a.s.]—meters above sea level, mm—millimeters, °C—degree Celsius, m/s—meters per second.

Due to lack of ETo data in the study area, Hargreaves and Samani temperature-based
method [35] was applied to temperature data to estimate PET Equation (1):

ET, = 0.0023(Tmax — Tinin )™ (T + 17.8)R, 1)

where ET,, is the reference evapotranspiration, R, is the extraterrestrial radiation in mm.day’l,
Tmax and T are the maximum temperature and minimum temperature, respectively, in
degrees Celsius. Root zone soil moisture was considered for this study because it plays
a significant role in the regulation of water and energy budgets at the soil-vegetation—
atmosphere interface through evaporation processes of the uppermost surface soil layer
and plant transpiration [36]. The root zone soil moisture data was obtained from the NASA
earth data Giovanni repository. The Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA-2) Model data was selected as it had data for the study area
for the period considered in this study. MERRA-2 is a NASA atmospheric reanalysis for the
satellite era using the Goddard Earth Observing System Model, Version 5 (GEOS-5) with
its Atmospheric Data Assimilation System (ADAS), version 5.12.4. Monthly root zone soil
moisture time series from September 1986 to August 2016 were obtained from the Giovanni
repository from the bounding box (Figure 1) at 0.5° x 0.625° spatial resolution. The
normalized difference infrared index (NDII) covering the LRC, was computed using MODIS
bands 2 and 6 reflectance data. The index has been proven to be a good representation of
root-zone soil moisture and has been widely applied around the world [5,37] including
South Africa [38]. NDII was computed using Equation (2):

NIR — SWIR1
Dl= ———M— 2
N NIR 4 SWIR1 @
where NIR and SWIRI are the near infrared (700-1300 nm) and shortwave infrared

(1550-1750 nm), respectively.
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2.3. NADI Formulation for the Luvuvhu River Catchment

NADI for the LRC was formulated using five hydro-meteorological variables (i.e.,
precipitation, evapotranspiration, streamflow, reservoir storage volume and soil moisture
content). The two NADI time series were developed based on MERRA-2 and NDII
soil moisture indicators. The formulation of NADI steps followed in this study was
adapted from [39] as shown in Figure 2. NADI was used as a drought indicator and
threshold values were calculated probabilistically for the study area using an empirical
CDF. The SPI threshold was used to generate the NADI threshold, SPI dryness threshold
is Gaussian variates —2, —1.5, —1 and 1 standard deviations which correspond to the
2.3rd, 6.7th, 16.0th and 84.0th percentiles in the SPI cumulative distribution. The NADI
threshold corresponding to the latter percentiles for the LRC were —2.05, —1.42, —1.09 and
1.01 respectively.

Hydro-meteorological data
(Rainfall, Evapotranspiration, Reservoir storage volume,

Processing and arrangement of data by month

| Computation of monthly Principal Components (PCs) |

| Calculation of NADI time series |

Calculate monthly NADI values using first PC |

}

Merge monthly NADI values to a single NADI
time series in chronological order

4
Determination of NADI Thresholds

Figure 2. Formulation of the Non-linear Aggregated Drought Index flowchart (Source; [20]).

2.4. Drought Statistical Analysis
2.4.1. Variable of Importance

To determine the variables importance of climate indices (i.e., PSDI, SPI, DMI, Rainfall
temperature and El Nino 3.4) influences on drought as depicted by NADI, random forest
(RF) was used. In random forests, an ensemble of classification trees is created by means
of drawing several bootstrap samples or subsamples from the original training data and
fitting a single classification tree to each sample [40]. The latter further stated that because
of random variation in the samples and the instability of the single classification trees, the
ensemble will consist of a diverse set of trees. The accuracy of the RF model used in this
research was improved by factors such as tuning parameters to optimise RF performance,
the number of features, and also by using the classical method of splitting the input data
into training and testing. This also assists to avoid over-fitting in the random forest model.
During the partitioning of data, 70% was used as training data, and 30% was used as the
testing part of the model. During the experiment design, the number of decision trees in
the model was a primary consideration. For purpose of the selection of the optimum range
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of the decision trees, the experimental design of this research utilized out-of-bag error,
and the misclassification error. The main function of the out-of-bound error method is to
measure prediction error using bootstrap sampling to subsample data that did not appear
for training [41]. A procedure for RF model performance and also avoiding over-fitting
is outlined in a study by [42], in their study on hyperparameter optimisation of machine
learning algorithms. More details about the RF model experimental design used in this
research is explained in detail in [43]. Improved prediction accuracy of ensembles is realised
by means of smoothing the hard-cut decision boundaries created by splitting in single
classification trees, thereby reducing the variance of the prediction. This has been shown
by empirical studies [44,45] and theoretical results [46].

2.4.2. Trend Analysis

For the purpose of this study, the Breaks for Additive Seasonal and Trend (BFAST)

(see Equation (3)) method was applied to decompose the drought index time series to

obtain the trend variations in the study area. The BFAST method can be mathematically
represented as:

yt:m—i-Tt—b—St—O—Rt (3)

where m is the mean, T is the trend component value, S is the seasonal component, and
R is the random component at the time step t. On the other hand, this study aimed to
investigate the trend in the NADI time series. Thus, the monotonic trends in the NADI
time series was obtained through the use of the Mann—Kendall (MK) non-parametric trend
test. Based on a study by [47-51] amongst others, the MK test statistic is calculated from
the following equations:

n-1 n
S=1Y ) sign(Xj—Xy) 4
k=1j=k+1
1 X; > Xj
sign(x) =70 xj=x ®)
-1 x5 <x.

The average value of S is E[S] = 0 and the variance o2 is given by the following equation:

{n(n —1)(2n+5) = 27 (4 — 1) (2t + 5)}

o’ = 18 (©)

where t; is the number of data points in the jth tied group. The parameter p represents the
number of the tied group in the time series. The summation operator used in the above
equation is applied only in the case of tied groups in the time series. This operator is used
to reduce the influence of individual values in tied groups in the ranked statistics. On
the assumption of random and independent time series, the statistic S is approximately
normally distributed if the following z-transformation equation is used:

=1 s>0

Z= S=0 (7)
s
= s <o.

T= — (8)

where:

1R 172 1/2
D= 2n(n—1)—2j§tj(tj—1)] [Zn(n—l)] )



Water 2022, 14, 26

7 of 21

Regarding the z-transformation equation defined above, this research opted to employ
a 5% confidence level statistic, where the null hypothesis of no trend was rejected if
lz| >1.96. Moreover, the MK statistics is the Kendall t term, which is a measure of
correlation that indicates the strength of the relationship between any two independent
variables was also considered important in this study. The MK test system summarized
above was applied to the NADI time series data by writing a code in R-project and following
the instructions given by [52]. studies involving animals or humans, and other studies
that require ethical approval, must list the authority that provided approval and the
corresponding ethical approval code.

2.4.3. Sequential Mann-Kendall Test and Theil-Sen Trend Estimator

Another special form of the Mann-Kendal test method is the sequential version of the
Mann-Kendall test statistic which is called the Sequential Mann-Kendall (SQ-MK). This
method was proposed by [53], and its main purpose is to detect approximate potential
trends turning points in long-term time series. The output of this method is two-time series,
namely, a progressive (u(t)) (forward) and a retrograde (u’(t)) (backwards). For effectiveness
utilization of this trend detection method, it is required that both the progressive and the
retrograde time series are plotted in the same figure. If they happen to cross each other
and diverge beyond the specific threshold (£1.96 in this study), then there is a considered
as a statistically significant trend in the time series. Those regions where they cross each
other indicate the time period where the trend turning point begins [54]. This method
is computed by using ranked values of y; of a given time series (X1,X2, X3, ..., Xn) in the
analyses. The magnitudes of y;, (i=1, 2, 3, ..., n) are compared withy;, j=1,2,3, ...,j — 1).
At each comparison, the number of cases where y; > y; are counted and then donated to n;.
The statistic t; is mathematically defined by the following equation:

=Y (10)

E(t) = i(i;D (11)
and: » )
Var(t;) = W (12)

Finally, the sequential values of statistic u(t;), which are standardized, are calculated
using the following equation:
ti — E(ti)

/Var(t;)

The above equation gives a forward sequential statistic which is normally called the
progressive statistic. To calculate the backward /retrograde statistic values (u’(t)), the same
time series (X1, X2, X3, ..., Xn) is used, however, statistic values are calculated by starting
from the end of the time series. The combination of the forward and backward sequential
statistic allows for the detection of the approximate beginning of a developing trend [51].
Additionally, in this study, a 95% confidence level was considered, which means critical
limit values are +1.96. This method has been successfully utilized in studies of trends
detection in temperature and precipitation [55,56]. Further to the MK and SQ-MK, the
Theil-Sen trend methodology was used to the slope of the trend for both NADI-NDII and
NADI-MERRA-2. The Theil-Sen line is a nonparametric alternative to the parametric
ordinary least squares’ regression line. An ordinary least squares regression line models
how the mean concentration changes linearly with time; a Theil-Sen line models how
the median (50th percentile) concentration changes linearly with time. The Theil-Sen

u(t) = (13)
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method [57,58], which is based on Kendall’s rank correlation, is used to estimate trends and
is commonly used in combination with the Mann-Kendall test to provide both an estimate
and a test for trend [59]. The Theil-Sen method considers measurements Y1, Y5, Y3, ...,
Y, of an environmental variable (say the concentration of a pollutant) taken at times t;,
t2, t3,..., tn, where t; <ty <t3 < ... < t, (the time intervals do not necessarily have to be
equal), as independent observations. The gradient Dy, (k=1, 2, 3, ..., N), for each N pairs
of observations taken at times t; and t; such that 1 <i <j <mnand ( t—t ) > 0, can be
calculated as:

Di=(Y; = Y)/( — t) (14)

The estimate of trend (B) in the data series Y1, Y5, Y3, ..., Yn can then be calculated as:

D/~ if N is odd
(F)+1 ’

p = DN+ (N1 (15)
21— if N is even.

The above represents an empirical nonparametric calculation of the median of Dy. The
(1 — &) confidence interval for 3 may be calculated as follows:

(1) Compute M1 and M2 using the estimate (Vs) from the MK test described above
and the (1 — &2) quantile of the standard normal distribution ((_ 7)) as:

N—-2Z)4_,nV
M, = ( )2(1 «2) Sanszz

(N + Z) (17042)\/5
2

(16)

(2) Determine the order statistics Dyj; and Dypp4; as the lower and upper (1 — «)
confidence limits respectively from the collection of the N gradients (Dy).

2.5. Wavelet Analysis

For the purpose of this research, the Morlet wavelet family was used for analysing
periodicities that are contained in the time series. The advantage of this method is that it
provides a good balance between time and frequency localization [60]. Wavelet analysis
includes different wavelet functions such as the windowed Fourier Transform, wavelet
transform, normalization, wavelet power spectrum, etc. One of the main advantages of
wavelet analysis in comparison with other techniques is that it analyses localised variations
of power within a time series. Wavelet transform coherence has the capability of analysing
the coherence and phase lag between two time-series with the time and frequency. There-
fore, this study adopted the Morlet Carlo wavelet and coherence analysis to quantify the
relationship between NADI-NDII and NADI-MERRA-2. More information on the wavelet
analysis applied in this study can be obtained [60,61]. The Wavelet analysis method helps
to determine the dominant modes of variability and their variation with time.

3. Results
3.1. Exploratory Data Analysis

Table 2 shows the statistics of the 30 years of NADI-NDII and NADI-MERRA-2 time
series for the period considered in this study. The NADI-NDII and NADI-MERRA-2
showed the variance of 0.972 and 0.969 respectively. Most of the kurtosis values for
indices were found to be much smaller while the skewness was reported as 0.082 and
0.041. Normally distributed data produces a skewness of zero with possibilities of small
variations [62]. The skewness results obtained in this study by both indices suggest that the
data is approximately asymmetrical. Although [62] suggested that a skewness statistic of
0.01819 was acceptable for normally distributed data, skewness ranging between —0.5 and
0.5 is still considered acceptable and fairly asymmetrical. For further distribution analysis,
density and violin plots were generated and are shown in Figure 3a,b. From these plots,
NADI-MERRA-2 is distribution is seen to be smoother compared to NADI-NDII. Therefore,
NADI-MERRA-2 is normally distributed while NADI-NDII is showing that the data is
characterised by a bimodal distribution. It should provide a concise and precise description
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of the experimental results, their interpretation, as well as the experimental conclusions
that can be drawn.

—— NADI-NDII
3 4 | — NADI-MERRA-2
m —_
o
==
=
w
=
@ o
Q o 7
= -
= - (@)
| | | I I
4 2 0 2 4
o) ]
o
le.l —]

| I
NADI-NDII NADI-MERRA-2

Figure 3. Exploratory data analysis (a) Density and (b) violin plots for NADI-NDII and NADI-MERRA-2.
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Table 2. Summary statistics of NADI-NDII and NADI-MERRA-2.

Index Min Max Mean Median STDEV Variance Skew. Kurt.
NADI-NDII —-2.49 2.43 0 0.02 0.986 0.972 0.082 —0.645
NADI-MERRA-2 —-2.39 2.43 0 —0.01 0.985 0.969 0.041 —0.513

3.2. NADI Drought Analysis

Figure 4 shows the long-term NADI time series between 1986 and 2016 calibrated with
NDII and MERRA-2 root zone soil moisture data including the Nino 3.4 climate index. The
NADI indices follow the behaviour of the Nino 3.4 climate index in depicting the wet and
dry spells over the study area. Both NADI-NDII and NADI-MERRA-2 managed to depict
the major notable droughts events (i.e., 1991/92, 1994/96, 2001/02, and 2014 /16 [63—66] in
the study area. NADI calibrated with NDII and MERRA-2 data both underestimated the
major drought reported in the literature (1991/92 and 2014/16), which were reported as
severe and extreme while NADI-NDII characterised these as moderate to severe.

NADI-NDII
o -
2 -1 ¢
o -
I 1 T T T T
1990 1895 2000 2008 2010 2015
Year
NADI-MERRA-2
o -
E
4 2
F-] .I
o
T T T T T T
1990 1995 2000 2008 2010 2015
Year
Nifio3.4
§
-
2
<
+ = -
Lor )
£
2 7
o -
T T T T T T
1990 1995 2000 2008 2010 2015

Yeaar

Figure 4. LRC NADI time series showing both the NDII and MERRA-2 soil moisture models
including the Nino 3.4 climate index time series between 1986 and 2016.

3.3. Correlation Statistics

Figures 5 and 6 show the correlation between NADI calibrated with NDII and MERRA-
2 and the seasonal correlation of the former indices. The correlation coefficient (R?) between
the two indices is 0.58. This shows that a positive relationship exists between the NADI
calibrated with NDII and MERRA-2. For the case of seasonal correlation, autumn, spring,
winter, and summer reported an R2 0f 0.9, 0.86, 0.61, and 0.15, respectively. The results
show that in the summer season, the correlation between the two indices was significantly
weak while the autumn was strong.
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Figure 6. Seasonal correlation of NADI-NDII and NADI-MERRA-2 over the Luvuvhu River Catch-
ment between 1986 and 2016.

The low correlation reported may be influenced by each respective index calibrating
variable, for instance, SP1 is precipitation based while NADI considers all aspects of the
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hydrological cycle and therefore may tend to underestimate events that are highly noted
by the SPIL. The analysis of variable importance with RF showed that the most important
variables influencing NADI-NDII and NADI-MERRA-2 was rainfall with an increasing
mean square error (%IncMSE) of more than 25% as shown in Figure 7.
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Figure 7. Mean Decrease Accuracy (%IncMSE) and Mean Decrease Gini (IncNodePurity) of attributes
as assigned by the random forest for the NADI-MERRA-2 and NADI-NDII.

Figure 8 shows the correlation between NADI (NDII and MERRA-2) and rainfall
together with SPI. This is done because rainfall is the most important variable that influences
NADI in the study area. Both NDII and MERRA-2 showed weak correlations with rainfall
with an R? of 0.107 and 0.067, respectively. The same was observed with SPI where
although the correlation was week NADI-NDII showed a better correlation compared to

NADI-MERRA-2.

Figure 8. Correlation between NADI (NDII and MERRA-2) time series with SPI and rainfall.

y =-26.908x + 88.296

y = -33.866x + 88.29
1200.0 R2 = 0.1068 1200.0 R?=0.0673
— 1000.0 7 10000 °
£ 800.0 E 8000
= 6000 :2 600.0
= £ 400.0
£ 400.0 3 P
& 2000 200.0
0.0 0.0
5.00 0.00 5.00 4.00 -2.00 0.00 2.00 4.00
NADI-NDII NADI-MERRA-2
—0.207x + 0.0244
4 Y o, 4 y =40.1189x + 0.0244
R? = 0.0906
3 3 ° R2 = 0.0298
2 2
5 5!
0 0
-1 -1
2 -2
4,00 -2.00 0.00 2.00 4.00 400 200 000 200 4.00
NADI-NDII NADI-MERRA-2



Water 2022, 14, 26

13 of 21

3.4. NADI Trends and Their Significance

The trends analysis and its significance of the NADI time series was also performed
in this study. The trend analysis was deduced by fitting the line of best fit in both the
NADI-NDII and the NADI-MERRA-2, respectively. The results showed that the indices
(NADI-NDII and NADI-MERRA-2 time series) reported a significant positive drought
trend at a 95% confidence interval. The smooth linear trend depicted in Figure 9 supports
the MK trend results as it shows an increasing positive trend.

NADI-NDII ~ eeeee NADI-MERRA-2

0 ————Linear (NADI-NDI) ~ «eeeees Linear (NADI-MERRA-2)

A
]
05 - 2x0%-07551 al

N
7

0.0 ]

NADI Trend
3
<

-0.5
y= 5x10°-1.9571

-1.0

-1.5
5%2%233523%8555838828¢82885882 29220
E9 5§ 838 o3 R AES 5258 SHES RPAEEDS S S 8 2w
Em_QZOO%g‘§§<§m~g§0m5~_§<§mhogomg

Date

Figure 9. NADI times series and its best fit line for the Luvuvhu River Catchment.

The MK z-scores for NADI-MERRA-2 and NADI-NDII were found to be 1.21 and
2.94, respectively. This, therefore, indicates that NADI-NDII showed a higher degree
of deviation from the mean compared to the NADI-MERRA-2. NADI time series trend
depicted a decreasing drought trend from the year 2000. There is a notable negative trend
that may be attributed to the severe drought that was categorised by both NADI indices in
1986/87 as depicted in Figure 9. However, after the year 2000, the NADI-NDII trend showed
to be greater than that of NADI-MERRA-2. Figure 10 shows the LRC NADI sequential
MK test results together with the trend slope and magnitude as depicted by the Theil
Sen method. The progressive and retrograde series of NADI-NDII (Figure 10a) intersects
in September 1990 and from this point until April 2000 the trend showed to be positive.
From Figure 10a, it is notable that from February 2000 to May 2014 a negative trend is
shown. Figure 9c shows a NADI-MERRA-2 rapid fluctuation between November 1989 and
November 2001. During this period, there is an increasing and decreasing trend. Beyond
the fluctuation, there is a notable increasing trend between December 2001 and March 2010
which is followed by a decreasing trend between April 2010 and 2014. The period between
2014 and 2016 showed a positive trend. The NADI-NDII showed a significant trend to the
level of 0.01 with a magnitude of 0.02 units per annum compared to the NADI-MERRA-2
with a positive trend magnitude of 0.01 units per year.
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Sequential Mann-Kendall (NADI-MERRA-2)
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Figure 10. (a) SQ-MK trend test for NADI-NDII; (b) Theil-Sen trend for NADI-NDII; (c) SQ-MK trend
test for NADI-MERRA-2; (d) Theil-Sen trend for NADI-MERRA-2. The red solid lines indicates
the trend estimates and the dashed red lines show the 95% confidence interval. The overall trend
for (b) is 0.02 units/year and (d) is 0.01 units/year, and the 95% confidence interval in the slope is
0.01-0.03 unit/year for (b) and 0-0.02 units/year for (d). On (b), the sign “**’ indicates that the trend
is significant at the 0.01 level.

3.5. Wavelet Analysis

Figure 11 shows the normalised wavelet power spectrum for NADI-NDII and NADI-
MERRA-2 time series from the period of 1986 to 2016. The “u” shaped solid lines in
both figures represent the cone of influence (COI) [67]. This is the region of the spectrum
that is considered during the analysis. According to [68], COI indicates the area where
edge effects occur in the time series. The thick black contour within the COI indicates
the 95% significance regions of the confidence interval [61]. Wavelet analysis was used
in this study was used to identify dominant variability mode that may be present in the
two NADI's calibrated using NDII and MERRA-2. A strong uninterrupted strong power



Water 2022, 14, 26 16 of 21

spectrum was notable between the eighth and 18-month period for NADI-NDII while the
NADI-MERRA-2 showed the same between the seventh and 17-month period. These were
noted between 1998-2002 and 1994-2001 for NADI-NDII and the NADI-NDII, respectively.
The wavelet coherence analysis between NADI-NDII and NADI-MERRA-2 is presented in
Figure 12. Wavelet coherence is designed to reveal the coherence and phase lag between
two time series as both a function of time and frequency [69]. This approach of time series
analysis is good at indicating the teleconnection between two independent time series. The
arrows represent a phase relationship, in which case when the arrows pointing to the right
indicates a positive phase between two cross-wavelet parameters. An anti-phase is shown
by arrows pointing to the left while the upwards or downward arrows show that either of
the parameter being analysed is leading (or lagging).
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Figure 11. Wavelet transform of (a) NADI-NDII and (b) NADI-MERRA-2 between 1986 and 2016
in the Luvuvhu River Catchment. The solid black line contour delimits the region (red) where the
power is strong and significant, and the cone od influence indicates the 95% confidence interval.
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Figure 12. Wavelet coherence between NADI-NDII and NADI-MERRA-2, the phase relationship
represented by arrows. The black solid line contour delimits the region (yellow) where the power is
string and the cone of influence (solid black line) indicated the 95% confidence level.

Further to the wavelet transform forcings with eight and 18-months and seven and
17-months period for NADI-NDII and NADI-MERRA-2, respectively, wavelet coherence
signatures between the two variables were then identified. In general, there is a significant
in-phase relationship between NDII and MERRA-2 calibrated NADI at the period band of
6-32 months which is more dominant between the years 1986 and 2002. During this period,
70% of the arrows pointed to the right which is an indication phased relationship. A further
uninterrupted significant relationship was observed at the period band of 60-70 months.
The study observed that although there are cases where NADI-NDII seems to be leading,
majoring of these were in phase with negligible lagging between the NDII and MERRA-2
calibrated NADI. The dominant in-phase relationship between NADI-NDII and NADI-
MERRA-2 seems to indicate that both time series can capture almost the same variabilities.

4. Discussions and Conclusions

The NADI-NDII reported three extreme droughts while the NADI-MERRA-2 reported
five extreme drought events over the study period. NADI-NDII showed extreme drought
conditions in December 1987, October 1988, and February 1996 with the NADI also the value
of —2.68, —2.22, and —2.09, respectively. NADI-MERRA-2 showed extreme categories in
October 1998 and between January and April 2000. This period coincides with a major flood
event reported in the region and drought is not being expected in the region. However, [39]
reported that NADI considers a broad perspective of dryness within a catchment rather than
just the traditional meteorological drought conditions. Therefore, drought recovery in the
catchment was observed as NADI showed severe wet conditions after April 2000. A total
of 38.44%, 5.85%, 6.69%, and 0.83% drought events were categorised as mind, moderate,
severe, and extreme, respectively by the NADI-NDIIL. The NADI-MERRA-2 categorised
35.93%, 8.36%, 3.06%, and 1.39% as mild, moderate, severe, and extreme, respectively.
Both indices show that the most prominent drought class experiences in the catchment are
mild drought or near-normal conditions with less extreme events experienced. Although
NADI-MERRA-2 showed 1.39% of extreme drought events, this did not translate to this
category frequency. NADI results for both NDII and MERRA-2 were further compared
to Nino3.4. Rainfall showed to be the most important variables influencing NADI-NDII
and NADI-MERRA-2 with the mean square error of 34% and 27%, respectively. This,
therefore, shows that, of all the selected climate indices and meteorological variables,
rainfall plays a major role in the development of drought as depicted by NADI which was
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used as a drought quantifier in this study. Although drought develops due to below normal
average precipitation, a study by [70] reported that when extraordinary droughts form,
the probabilities of moderate rain and heavy rain were increased. The MK and Theil-Sen
trend showed a positive trend, which indicates that over the study period (1986 to 2016) the
LRC was in a recovery state. These trend findings are not consistent with studies that have
reported increasing rainfall and temperature trends over north-eastern South Africa by
e.g., [71,72]. Studies such as [33] reported a 10-year cyclic increase and decrease in rainfall
(between 1931 and 2006) and streamflow (between 1920 and 2006) time series in the LRC.
This, therefore, shows that there might also be an interdecadal variation of trend in the
NADI time series. Further to this, the results may be attributed to the multivariate nature
of the index, as it considers all components of the hydrological cycle and overall catchment
water availability.

On the capability of using satellites data as soil moisture proxies, this study has
shown that this is possible. The NADI formulated using NDII and MERRA-2 identified
some historical droughts that have been experienced in the catchment and further showed
an entire catchment drought condition for the LRC. In comparison with available field
measured root zone soil moisture between July 2011 and October 2013, MERRA-2 and
NDII showed an R? of 0. 098 and 0.1036, respectively. Although both show a weak positive
relationship, NDII showed a better correlation with the measured in-situ soil rootzone
soil moisture compared to the MERRA-2 root zone soil moisture. [39] made use of the
Palmer two-layer water budget model to calibrate NADI, however, the same study further
indicated that this approach may compromise the quality of the soil moisture data s it
assumes a simple relationship between surface and groundwater interaction. Therefore,
using satellite data as soil moisture proxies could offer a solution to improve the quality
of soil moisture data used in NADI formulation. Although satellites data have their own
inherent shortcomings, this study showed that they are useful in monitoring soil moisture
as it is often expensive to do so in-situ and long term in-situ soil moisture time series data
are limited in many developing nations.
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