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ABSTRACT

The rapid transition of an ecosystem from one state to another, known as critical transition or regime shift,
may occur as a response to change in environmental drivers. Theory states that robust and trustworthy early
warning signals (EWS) can be derived from time series. In time series analysis, detrending is a crucial pre-
processing step to generate reliable EWS because it reduces the effect of seasonality and reduce the
probability of false alarm but, a thorough evaluation of the performance of different detrending techniques
available is still lacking. In addition, using satellite derived time series as a generic input source for EWS, the
most effective biome state indicators (BSI) from remote sensing are unknown. Finally, evidence of the effect
of different detrending techniques on the various EWS that exist remains unclear.

To address these problems, five detrending techniques were considered (first differencing, gaussian filtering,
ARIMA, STL and BFAST) and evaluated using (i) a simulated dataset that describe an increasing level of
seasonality and (ii) a real-world dataset using BSI time series (NDVI, NDWI and LST) from MODIS. The
mean annual rainfall was used an environmental driver.

Seasonality indices were evaluated using the same simulated data and the sensitivity of EWS to seasonality
was assessed. On real-world data, BSIs were downloaded using the data form the TREES project of the
JRC in the sub-Saharan Africa. The detrending techniques were evaluated on three BSIs, and the relation
between EWS and rainfall as environmental driver was used to identify the most reliable EWS.

STL gives the strongest response on simulated data and gives EWS that are not sensitive to seasonality. On
real-world data, LST and NDVI could be used as efficient BSI respectively for forest and savanna. The
detrending shows that BEAST has the strongest signals for the calculation of EWS over forest and STL
over for savanna. For the EWS, standard deviation is the most robust indicator and it shows the expected
direction as described by the theory, when the environmental conditions become less suitable.

The detrending techniques have different effect on the EWS. From the tested techniques, BEAST and STL
are the most efficient detrending techniques on real and simulated data and should be in the development
of EWS for critical transition in ecosystem. Standard deviation is the most robust EWS and it shows a
consistent response towards the changes in the environmental drivers.

Key words: Detrending, early warning signals, critical transition, simulated data, seasonality indices.
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1. INTRODUCTION

1.1. Background

Complex systems such as lakes, Coral reefs, forests, and even climate are acknowledged to have alternatives
stable states (Bruel et al., 2018; Dakos et al., 2008; Dudgeon et al., 2010a; Verbesselt et al., 2016). In woody
ecosystem, tree cover percentage (Tc) can be used to distinguish its state into high Tc and low Tc. Such
systems can change comparatively faster from one state to another as a response to change in the
environment, where a relatively small change in the environmental conditions lead to disproportionally
large change in the response. An example could be a rapid transition from high to low Tc as a response to
changes in the water availability in a forest ecosystem (Verbesselt et al., 2016). This process is referred to
as a regime shift or critical transition (Dudgeonet al., 2010; Smith, 2012). To grasp the concept of regime
shift, we can think of the following physical phenomenon: imagine a chair in a stable position when you sit
on it. While you lean backward, the chair will remain in place until a point where you will suddenly tip to a
new stable position, from where it is not easy to come back. The theory of alternative states and regime
shift suggests the existence of a critical threshold also called tipping point, from where a relative small
change in the conditions can trigger a rapid, contrasting and irreversible change in the system state (Kull et
al., 2018) This theory has been proven mainly with experimental models, and very few studies has been
done using real-world data (Alibakhshi, Groen, Rautiainen, & Naimi, 2017; Carpenter et al., 2011; Conversi
et al,, 2014). Studies based on real-world data have gone through a lot of critics mainly because that theory
is not easily provable (Groffman et al., 2006; Scheffer et al., 2001), but it has been shown that regime shifts
could explain ecosystem dynamics (Scheffer, 2009).

The theory of alternative states has been used in modelling the ecological responses to environmental
drivers. For lake eutrophication for example, Bruel et al. (2018) found that a non-linear response of pelagic
communities and phosphorous concentration in a deep lake. They point out the existence of a given
threshold of nutrient concentration where a critical change occurs in the state of the system. The theory
has been used also to explain the transition in coral reefs from a state of high level of species composition
and abundance to a state of mono-specie dominance at a certain threshold (Dudgeon et al., 2010a).

The equilibrium state of dynamic systems (including ecosystems) respond differently to changes in
conditions (Scheffer, 2009). For systems with alternative states, the response frequently follows a folded or
S- response curve where alternative stable states (solid lines) are separated by an unstable state (dash line)
under certain conditions (Figure 1).

To illustrate the concept presented in Figure 1, let’s consider a woody ecosystem where the Tc respond to
total number of fire occurrences (Diatmiko, 2018). The initial stable state with a high Tc (red dot)
corresponds to lower number of fires occurrences. If the fire frequency gradually increase, Tc will
progressively decrease, and the system will follow the gradient from more stable to less stable as it moves
towards F2. If the conditions change sufficiently, there will be a critical transition (forward shift), the system
will rapidly shift from an unstable state with a high Tc to a stable state with a low Tc. When a transition
occurs, it is not easy to reverse because the restoration of the conditions before the shift is not enough to
provoke a switch back. Rather, the system must cross Fi to induce a backward shift; this is referred to as
hysteresis (Scheffer, 2009). The points at which regime shifts occur (F» and Fi) are called tipping point or
bifurcation point or critical threshold.
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Figure 1: Response of a system with alternative state to changes in conditions (adapted from Scheffer, 2009). The red point
represents the equilibrinm state of a system at a given time.

The distance between the equilibrium state of a system and the critical threshold is referred to as ecological
resilience (van Nes & Scheffer, 2007). The tipping points define also the border of the basin of attraction.
The basin of attraction of a state is the attraction field that is exerted on the equilibrium state of a system
around that state. It is characterized by its size: the bigger the size of the basin of attraction, the larger the
ecological resilience and the easier it is to return to the initial state. It is referred to as engineering resilience
(van Nes & Scheffer, 2007). In figure 1, the size of the basin of attraction of the upper branch is the space
between the solid line and the dash line and Fi. It decreases if a system moves towards the tipping point.
In the example of the chair, the early stage of leaning backward, it is easy and rapid to come back to the
initial state because the size of the basin of attraction for that state is large. Close to the tipping point, the
chair is less stable, and a small perturbation can push the system into the basin of attraction of another state

resulting in a critical transition.

A critical transition can be initiated by two processes: (i) a continuous and gradual change in the external
conditions resulting in the loss of ecological resilience as the system is moving towards the tipping point.
the transition can also be triggered by (ii) a severe perturbation that pushes the equilibrium state of a system
into the basin of attraction of another state. This may be the results of stochastic events (disease outbreaks,
fires, weather extremes etc.) that affect the equilibrium state of a system vertically, towards the alternative
state (Scheffer et al., 2001). Therefore, depending on the severity of the stress and the size of the basin of
attraction, a regime shift can be induced by stochastic events.

A system can show bi-stability (Scheffer, 2009), meaning that under a certain range of conditions alternative
states can coexist (for example range of conditions between Fi and F in figurel). When the equilibrium of
a system is under bi-stability condition, a regime shift is possible(Jiang et al., 2015). According to Staal et al.
(20106), ecosystem are always subjected to disturbances because they are dynamic system. Part of these
disturbances are attributed to stochastic processes that rule natural conditions. In a situation of bi-stability,
a severe perturbation or frequent repetitive perturbation on a system can move its equilibrium from one
state to another. A shift from one state to another takes time, albeit time is never a driver, rather changes
in environmental conditions and/or perturbations (Andersen et al., 2009). In ecosystem management, it is
not easy to restore a system to its initial state after a regime because of the hysteresis. Therefore, developing
reliable indicators that could detect a possible critical transition could help in the understanding of the effect
of environmental changes on natural ecosystems.

In practice it is very difficult to measure the ecological resilience because there are many environmental
conditions that could influence the critical transition, and the tipping points are not known. However, the
return rate of a system after a perturbation (the engineering resilience) can be used to develop indicators to




detect the vicinity of a regime shift (van Nes & Scheffer, 2007). In fact, it has been demonstrated that when
the state of a system is getting close to the critical threshold, its recovery rate from disturbances decreases,
reflecting a decrease in the internal rate of change. When this behaviour is observed in a system, a critical
transition is imminent, that is why it is referred to as critical slowing down (CSD) (van Nes & Scheffer,
2007; Wissel, 1984). CSD suppose that the system looks more alike as the recovery rate is slowing down,
the consequence been an increase in the autocorrelation at small time steps or low lags (Lenton et al., 2012).
Evidence of CSD as a precursor sign of regime shift have been provided in studies on climate, and several
ecological models including lake eutrophication, wetlands and forest (Alibakhshi et al., 2017; Carpenter &
Brock, 2006a; Dakos et al., 2008; Guttal & Jayaprakash, 2008). Using mathematical models over simulated
and real-word data, CSD is considered as a universal and robust property of a system undergoing transition,
therefore can be used to develop indicators to alert for an upcoming transition (Dakos et al.,2008).

Some statistical properties of time series such as correlation structure and variability can describe the
recovery rate of a given system. These properties can be used as input to build statistical indicators to
quantify the changes in recovery rate. If the statistical indicators detect CSD, they should change in
anticipated ways along the environmental gradient, showing a stronger signal for the optimal conditions of
a system state (Dakos et al., 2012). They could be used as early warning signals to detect and upcoming
regime shift. Early warning signals are also referred as leading indicators ((Dakos et al., 2012), but in this
study the terminology early warning signals (EWS) will be used. EWS based on time series statistics such
as increasing autocorrelation and increasing variance has been tested as efficient indicators for an induced
regime shift in aquatic food web (Carpenter et al., 2011). However, EWS may fail to identify a regime shift
when the system is pushed too fast across the tipping point or if the critical transition is induced by a major
perturbation (Lindegren et al., 2012).

EWS can be grouped into two major categories: (I)Spatial indicators focussing on the alteration of spatial
patterns of variance and correlation of key features (Dakos et al., 2010; Staal et al., 2016). They generates
reliable EWS, but require high spatial resolution image series (Lindegren et al., 2012). On the other hand,
(i) temporal EWS capture the CSD in a series of observation, detecting changes in autocorrelation, variance
and skewness. EWS in this category are grouped into two: metric-based indicators which quantify the
changes without trying to fit a model to the data; and model-based indicators which fit a model to quantify
the change in the data. Even though model-based indicators are more robust, they are rarely used with real-
case because it is data demanding (Dakos et al., 2012). In the field of ecology, temporal EWS and metric-
based indicators are usually used because time series are relatively short (Andersen et al., 2009).

The principal assumption for EWS is that the time series accurately represent the response of a system
around its present equilibrium state (Lindegren et al., 2012). Time series of ecosystems are reported to be
relatively noisy, increasing the risk of false alarms (Andersen et al.,, 2009). There are two types of false
alarms: (i) the false negative (type Il error) where the EWS fail to detect a critical transition before it
happens. This is the situation mentioned by Carpenter et al. (2011) when a system is pushed rapidly across
the tipping point. We have also (ii) the false positive (type I error) where EWS suggest losing of resilience
meanwhile it is not happening. This could be explain by the fact that external factors affecting the series
are detected and associated as real response of the system (Andersen et al., 2009). Shumway & Stoffer
(2005) described the source of variations in a time series and identified 4 types: (i) the trend which is the
change in the mean level over the long term; (ii) seasonal effect or seasonality which can be illustrated by
the cyclical pattern within a year, (iii) other seasonal effects that has a frequency greater than one year like
for example the El Nifio phenomenon; and (iv) the irregular fluctuation also referred to as residuals or
white noise which is the real fluctuation of the state of a system around its equilibrium. In a time series, the
white noise is the part that is relevant for monitoring, because it is assumed to represent the response of
the system around its equilibrium. Variations in a series apart from the residuals are generically called




seasonality and are the one leading to false positive alarms and should be removed before the calculation
of EWS.

The process of removing seasonality and trend to extract the white noise signal from a time series is referred
as detrending or filtering (Dakos et al., 2012; Lenton et al., 2012). After proper detrending, a TS is said to
be stationary or cleaned (Shumway & Stoffer, 2005). Detrending is an important pre-processing step in
time series analysis to generate reliable and trustworthy EWS because a non-stationary time series (affected
with trend and seasonality) can lead to false positive, mainly for metric-based indicators, which are very
sensitive to seasonality (Dakos et al., 2012). Many detrending techniques presented in the literature have
been used in different domains and for different applications. For example STL (seasonal and trend using
Loess regression) and BFAST (Break for additive season and trend) for example have been used to
decompose time series into trend, seasonality and residuals in order to detect abnormal patterns (Mills,
2019; Wouters et al., 2015). ARIMA (autoregressive integrated moving average) have been widely used in
economic and meteorological studies for trend analysis and forecast (Balasmeh, Babbar, & Karmakker,
2019). Other techniques such as first differencing and Gaussian filtering are commonly used as detrending
techniques for regime shift analysis (Hirota et al., 2011; Dakos et al, 2008). These methods have
demonstrated their ability to retrieve white noise signal from series for different applications.

The detection of a potential regime shift depends heavily on the ability to monitor key biome state indicators
using relatively long time series with high spatial and temporal resolution (Alibakhshi et al., 2017; Lindegren
et al, 2012). Remote sensed vegetation indices from MODIS (moderate resolution imaging
spectroradiometer) have been used as reliable biome state indicators to characterized ecosystems and detect
potential regime shift in wetlands and forest (Alibakhshi et al., 2017; Herrmann & Mohr, 2011). One of the
most popular vegetation indices NDVI (normalized difference vegetation indices) is a good biome state
indicator (BSI) in agriculture as well as ecology (Herrmann & Mohr, 2011). Another BSI, NDWI
(normalized difference water index) have been identified to perform better in woody ecosystem, being
wetlands or forests because of its ability to monitor water content in the vegetation (EOS, n.d.). Land
surface temperature (LST) can capture changes in the natural system; it has been identified as a reliable BSI
to detect a potential upcoming transition due to changes in climate (Cooper et al., 2017).

1.2.  Research problem

The purpose of detrending is to guaranty that the input for EWS are complete free from the effect of
seasonality in order to reduce the probability of false alarm in the detection of a potential critical transition.
Many detrending techniques used in time series analysis have not been compared extensively to assess their
ability to effectively remove trends and seasonality. Certain detrending methods have been compared, but
the approach of evaluation cannot be replicated with other methods (Lenton et al., 2012). A fair comparison
of detrending performances require a simulated dataset for which trend, seasonality and random
components are controlled and known. The performance of different detrending techniques can then be
evaluated based on the remaining seasonality in the residuals after detrending. Simulated data have been
used in many studies, among others to compare different techniques such as methods to generate EWS in
a system undergoing a critical transition (Dakos et al., 2012). Under a controlled environment, robust
metrics (seasonality indices), can be developed to estimate the seasonality in the residuals of a time series
after detrending. These seasonal indices could be used to evaluate the performance of any detrending
approach and rank the methods according to their efficiency.

The most efficient detrending method to generate robust EWS using real-world data is not known. Apart
from seasonality, other irregularities related to the acquisition processes are associated with the time series
derived from remote sensing. For time series derived from optical sensors, the atmosphere can affect the
signal that reaches the sensor by blocking or attenuating the radiation from the land surface or by




introducing radiation that originates from the scattering of sun light -atmospheric scattering- (Bakx et al.,
2013). The resulting time series can therefore be affected by variations that cannot easily be addressed by
detrending techniques, suggesting that an efficient detrending method on a simulated data may behave
differently on real-world data. Many studies of ecosystem monitoring have used time series derived from
MODIS satellite products. It important therefore to identify the satellite derived product that describe best
the state of the system. Several satellite derived indices from MODIS used for EWS have been compared
in the literature, and the vegetation indices NDVI and NDWI are the most used (Alibakhshi et al., 2017;
Diatmiko, 2018). NDWI could perform better in the context of ecosystem monitoring because of its ability
to capture changes in the water content in the vegetation using the short wave infra-red region of the
electro-magnetic spectrum. Changes in other parameters (greenness for example) do not appear until the
water in plant decrease for about 50% (Jensen, 2000). Recent studies have presented also the land surface
temperature (LST) as a good BSI to monitor ecosystem’s response to stress, for example due to changes in
the climate (Bharath, Rajan, & Ramachandra, 2013). Although NDVI, NDWI and LST have been used in
many studies to generate EWS, their effective detrending using various techniques has not been compared.

The essence of EWS is their ability to detect a critical transition before it occurs. When a system is becoming
less stable, the increase in EWS can be used as an alert (Carpenter & Brock, 2006). The changes in a system
initiated by change in the environmental conditions are expected to become more frequent in the future
because of the predicted variations of the global climate change (Sévellec & Drijthout, 2018). The response
of the EWS towards a change in the environmental conditions change, has not been extensively evaluated
for different detrending techniques, and the ability to generate EWS in the expected direction must be
evaluated.

1.3. Research objectives

The main objective of this study is to evaluate the detrending performance of different techniques and their
effect EWS for the detection of critical transition in ecosystems.

1. Evaluate the performance of different detrending techniques on a simulated dataset
2. Evaluate the performance of different detrending techniques on different real-world time series
3. Analyse the response of EWS to change in environmental conditions.

1.4, Research questions

What is the most efficient detrending technique on simulated data?
What seasonal index can be used to evaluate the detrending methods
What is the most efficient detrending techniques on real-world data?
What is the best derived satellite product to monitor ecosystem?

RAEE SR .

How does EWS respond when environmental conditions change from suitable to less suitable?

1.5.  Hypotheses

The most efficient detrending technique is the same for simulated data and real-world data
NDWI is the best satellite derived product to monitor ecosystems

3. EWS increase when environmental conditions become less suitable; and decrease when conditions
become suitable.

N —




2.

2.1.

Overview

MATERIALS AND METHODS

Five detrending techniques were used in this study: first differencing, gaussian filtering, ARIMA, STL and
BFAST, and were evaluated on two type of data. (i) A simulated dataset that depicts increase level of

seasonality was created and the detrending techniques were applied. Seasonal indices were developed to

assess the detrending performance of the different techniques on simulated data. EWS were generated

based on the simulated data to identify the detrending techniques that best removes the seasonality from

the EWS. (ii) For the real-word data, the sample units of the Tropical Ecosystem Environment Observation
by Satellite (TREES) project of the European Commission’s Join Research Centre (JRC) were used to
download BSI time series in the sub-Saharan Africa. Detrending was carried out and the performance of

different techniques was evaluated on real-data. The mean annual rainfall was used as the environmental

driver. The response of the EWS towards a change in the mean annual rainfall was assessed for different

detrending techniques. The steps of the analysis are summarized in Figure 2 and the methods will be

presented in more details.

sample units
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Figure 2: Flowchart of the processing steps.




2.2.  Detrending techniques

The detrending techniques were selected based on the popularity of the method in different domains and
its applicability in time series analysis for breaks detection, regime shifts analysis and forecasting.

2.2.1.  Description

First order difference or first differencing is one of the most popular detrending methods because of its
simplicity. It is used to remove the trend in a series. It is described as a “simple high pass filter”” because it
reduces the lower variations and boost the higher ones. The output is a series where every step is the
difference with the step before as presented in equation (2) (Shumway & Stoffer, 2005):

Vx: = X — X1 )

Gaussian filtering or smoothing is a convolution operator (low-pass filter) that is used to reveal low-
frequency features and trends from the series. it works the same way as a mean filter, but here, the matrix
used in the convolution (kernel) represents a bell-shaped distribution (gaussian kernel). The difference
between the derived function and the original data gives the residuals of the series, that are used to develop
EWS. The bandwidth determines the degree of smoothing. A general practice is to choose a bandwidth
that do not overfit nor eliminate the lower frequencies(Lenton et al., 2012). Different bandwidths from 1
to 5% of the time series length has been compared, and the bandwidth equals to 2% seemed to capture

best the seasonality in the time series. The formula of the Gaussian kernel is the equation 3.
2

1 _x
G(X) = ﬁe 20° 3)

Where 0 is the bandwidth.

ARIMA models aims at describing the autocorrelations in the data. It is an integration of an autoregression
model (AR) and Moving average model (MA). An AR model uses a linear combination of past values to
forecast a new value for the value of the variable of interest (equation 4); meanwhile, MA predicts a value
based on the average value of its neighbours. It is used to estimate the trend-cycle of past values (equation
5). The residuals from fitted ARIMA models were used to generate the EWS.

AR( =C+ §1Xt.1 + 62X(-2 +..-+ BpXt_P+e( (4)
1
MAt = 5 (Wt.1 +Wt +Wt+1) (5)

BFAST algorithm integrates the decomposition and characterization of changes in a time series. The
algorithm decomposes the time series into trend, seasonal cycle and the remaining component (residuals),
and these residuals can be used for EWS. It iteratively evaluates when and how many unexpected variations
(breaks)occurs within a time series and characterizes those variations using magnitude and direction in near
real-time. BFAST has been used to monitor deforestation(Verbesselt et al., 2010a) and changes in
phenological activities (Verbesselt et al., 2010b) using time series from MODIS satellite. An important
parameter in BFAST is the minimal segment size (h) between potentially detected breaks in the trend model
of the series. The value corresponds to the number of observations in that segment divided by the total
number of observations in the time seties. Different h-values where compared, and the value of 5.5%
(h=0.055) appeared to be the one that capture best the seasonality in the series.

k
yt=al + a2t+ E yn sin (an cos 2 4 8j)+ et 6)
n=1 f

where al=intercept; a2 = trend; y1 ... yk = amplitudes; 81,..., 8k = phase or seasons; f= frequency and
et = error term.




STL algorithm decomposes a time series into a trend, a seasonal cycle and residuals, using the Loess
regression. The Loess regression is a nonparametric technique that uses local weighted regression to fit a
smooth curve through points in a scatter plot (Wicklin, n.d.). Loess cutves can reveal trends and cycles in
data that might be difficult to model with other techniques. An important parameter in STL is the
smoothing level that represent the proportion of observations to use for local regression. Different
smoothing parameter values have been compared, and the value of 2% seemed to capture best the
seasonality.

2.3.  Early Warning Signals (EWS)

For the detection of a potential critical transition, a single EWS is not enough; a combination should be
made to have a better understanding of the response of the equilibrium state of a system (Dakos et al.,
2008). Many EWS such as Autoregression, autocorrelation, return rate, density ratio, standard deviation,
kurtosis and skewness can be used as EWS. Three (03) EWS namely autocorrelation, standard deviation
and skewness have been considered in this study because they have been referred as the most efficient in
detecting a potential transition in ecosystem using simulated and real-wozld data (Scheffer et al., 2009).

Autocorrelation function (ACF) calculates the correlation of a value with itself at consecutive time steps. It
is a specific function because it doesn’t respect the condition of independence and require therefore
consistent data through time. The first step is to define a lag operator (t), that defines the time step. When
it is defined, autocorrelation is calculated using the equation 7.

X N b (R
ACF = S it )

Standard deviation (SD) measure the spread of the observations in a time seties around the mean. Studies
have shown that when this spreading increases over time, the system is losing its stability (Carpenter &
Brock, 20006). The increase of the variance over time could be the effect of seasonality or, could be
associated with a poor detrending, the result of change in the response of the observed system. The standard
deviation derived for the variance is presented in equation 8.

SD= \/ﬁZ(Xt — w)? (®)

Skewness indicates the symmetry of the probability density curve of the observation in a time series. A time
series with an equal number of values in the small and large ends will have a skewness equals to zero. When
the system is changing over time, there are more observation in one of the two ends. If we have more
values at the low end, the system is said to be skewed to the left (right tail). If there are more values at the
high end, the system is said to be skewed to the right (left tail). Skewness to the left are associated with
positive values and skewness to right with negative values. it is calculated using equation 9.
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2.4, Data simulation

2.41.  Description

A simulated dataset showing and increasing level of seasonality was generated to evaluate the detrending
techniques under controlled conditions. The seasonality was created using a sine function where the
frequency was tuned to simulate a yearly pattern and the amplitude of the pattern was gradually increased
across the series. A total of 100 series were created, where each series was modelled as a white noise signal
to which a seasonal component with a given level was added. Each series of the 100 series was replicated
10 times to introduce randomness in the simulation. The different detrending techniques were applied on
each series of the simulated dataset and some seasonality indices were derived for the residuals.

2.4.2.  Seasonality indices

The seasonality was estimated in each time series before and after the detrending. Three seasonal indices
were used to assess the quantify the remaining seasonality in the residuals after detrending.

a) Analysis of variance (ANOVA)

The observations of the time series were labelled according to their sequence within a year, and the variation
in the values were analysed with ANOVA using their position in time as explanatory values. For this test,
the null hypothesis (Ho) was that the variance of observations values across years are equals, and the
alternative hypothesis (Ha) was that at least one year has a variance that is different to the others. A non-
significant seasonal index (p > 0.05) suggest the absence of seasonality in the residuals for a given detrending
technique. when a given detrending technique is applied on many time series, this seasonality index can be
used, and the proportion of time series without seasonality after detrending can be estimated, it is P(alpha).
When comparing different detrending techniques, the higher the P(alpha), the better the detrending
methods.

b) Linear regression model (LRM)

Like the seasonal index 1, the observations were labelled using their sequence within a year. The variation
in the values are modelled used a simple linear regression model (LRM) with year as explanatory variable.
A significant result indicates the linear alighment of the mean of observations across time, suggesting the
absence of a long term seasonality time series over time (Shumway & Stoffer, 2005). When multiple time
series are detrended using a given technique, the proportion of time series with stationary mean after
detrending can be estimated, it is called LRM. Different detrending technique could be compared using this
seasonality index where a higher LRM is associate with a better performance of detrending.

c) Pattern analysis (PA)

PA consists of analysing the patterns of the distribution of the residuals around the mean (Figure 2). For a
white noise signal (Figure 2A), the pattern of consecutive observations around the mean (the dot line)
follows a random distribution. When there is seasonality in the time series (Figure 2B), pattern different
from a random distribution appears around the mean between consecutive values. PA consists of analysing
the pattern of consecutive observations in a time series after detrending to quantify the randomness in the
residuals. For a white noise signal, PA is close to 1, and this value increases as the seasonality increases in
the time series, suggesting that residuals from a good detrending technique should yield a low PA value.
Contrary to the other indices, PA does not have a threshold, making it difficult to come up with a
proportion in case we are assessing a technique for multiple time series. The overall mean of the PA values
was used, and will referred to as PAps, where lower values indicates better detrending techniques.
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Figure 3: Pattern of the observation in a time series around the mean (dot line). the x-axis is the time and the y-axis is the
values from the simulation. (A) represent a white noise signal and (B) a white noise signal with seasonality.

2.5. Real-world data

2.5.1.  Study area

Sub-Saharan African (SSA) ecosystems are increasingly concerned with regime shifts. There is evidence of
massive tree mortality triggered by changes in environmental conditions such as rainfall, converting a forest
(high Tc) to savanna (low Tc) (Dwomoh & Wimberly, 2017). Tree density distribution has a positive
correlation with mean rainfall: forest are generally associated with high rainfall and savanna with low levels
(Hirota et al., 2011). In tropical forests of Amazonia and Indonesia, drought has caused massive death of
trees (, 2016), showing that water availability is a central factor of vegetation patterns and tree density within
the tropics (Vrieling, De Leeuw, & Said, 2013). Many regions have been found to be under bi-stability
condition, where forest and savanna coexist under the same range of conditions (Diatmiko, 2018; Kéfi et
al., 2007). A combination of long-term drought and natural extremes increase massive stem mortalities and
risk for vegetation shifts (Liu et al., 2018). Gizaw & Gan (2017) studied the impact of climate change and
El Nifio episodes on droughts events in SSA. They reported that most areas in South Africa and West
Africa will shift to a drier climate between 2050-2080 due to short and long drought episodes. These
drought events are expected to increase in frequency and intensity because of the increase of El Nifio
events, resulting in a warmer and drier climate, mainly in West Africa. SSA is therefore more vulnerable to
the effect of climate change with the possibility of regime shift in wooded ecosystem across the continent.

The SSA covers an area of 24 607 840 km?. It ranges between 26°N to 34°S and 17° W to 51°E and covers
46 countries. The vegetation pattern is controlled mainly by rainfall, that varies depending on the altitude
and the distance to the equator. There are different climatic regions going from arid, semi-arid, sub-humid
and humid, associate with different vegetation (desert, savanna and forest) as we are moving towards the
equator (Herrmann & Mohr, 2011). Rainfall level is higher with high variability around the equator.

The SSA region is home to one of the largest forested area known as the Congo basin forest. It is considered
as the second lung of the earth because it is the second largest forested area in the world after the
Amazonian forest. it covers more than 2 millions km? that approximately 47 times the size of the
Netherlands. it is shared over six (06) countries: Cameroon, Central African Republic, Congo, Democratic
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Republic of Congo, Gabon and Equatorial Guinea. The region has the largest concentration of national
parks on the planet with 335 parks reported in 2014. There is the world largest and richest biodiversity for
flora and fauna. forest plays an important role in sustaining livelihood, water cycle, carbon sequestration
and climate regulation.

2.5.2.  Data description

2.5.2.1. TREES data

The Tropical Ecosystem Environment Observation by Satellite (TREES project) of the European
commission’s Joint Research Centre (JRC) aims at estimating forest cover changes at continental and
regional levels for the periods 1990-2000 and 2000-2010 using multi-temporal medium resolution imagery
(Landsat-TM satellite imagery with 30m resolution). The approach relies on a systematic sampling were the
sample units are separated by 20 x 20 km. The SSA contains 2 066 samples of 10 x 10 km each (Figure 4).

For this study, the period 2000 — 2010 was considered, and the sample units over the SSA was used to
download the BSI time seties.

Figure 4: Sampling units in SSA form TREES product (from http:/ / forobs.jre.ec.enropa.en/ trees3/ ).

The original data are projected in Universal Transverse Mercator (UTM). The minimum mapping unit is 5
ha. The data provided is the result of classifications of Landsat TM and ETM+ scene of 30 x 30 m resolution
for each unit. The main classes of the product are: tree cover (TC), tree cover mosaic (TCM), other wooded
land (OWL), water (W) Bare & artificial, other vegetation cover (OVC) and others including missing data
and unclassified pixel. The class of interest was TC, TCM, OWL and OVC. Among the class of interest,
only classes that were constant from 2000 to 2010 have been used in the analysis.
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2.5.2.2. Rainfall data

The rainfall data used is a product of from the Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS). It is a quasi-global rainfall dataset covering more than 30 years. It is a satellite product with a
resolution of 0.05 arc degrees that provides gridded rainfall time series. The product displays six pentads
per month, where the first five pentads of each month have five days and the last contains the rest of the
days form the 26t to the end of the month. The unit for precipitation data is in mm/pentad. This dataset
is freely accessible from Google Earth Engine (GEE). For our research, The period 2000 to 2010 was
considered in this study.

2.5.2.3. Biome state indicators (BSI)

a) Normalized Difference Vegetation Index (NDVI)

NDVI is provides information about the photosynthesis activity (greenness) of the vegetation, therefore
indicate the healthy state of vegetation. The values range from -1 to 1, where negative values are associated
to clouds, snows or water. Values close to zero are rocks and bare soils. High values (above 0.6) represent
dense vegetation. ND VI is calculate using the reflectance value at the red and Near Infra-Red (NIR) portion
of the electromagnetic spectrum (EOS, n.d.) The formula is:

NIR—Red

NDVI =—
NIR+Red

The MOD13A1 V6 product from MODIS was retrieved as NDVI product. The product has been
computed from atmospherically bidirectional surface reflectance where water bodies, clouds, heavy aerosols
and cloud shadows have been masked out. The product is an image composite of 16 days using daily images.
They are stacked together and the highest value for each pixel over that period is assigned to the product.
This method helps to have a clear signal from the images, mainly on cloudy areas. The product is then
smoothed to reduce the effect of clouds and noise. The product has a frequency of 16 days, and a spatial
resolution of 500 metres. The data availability goes from February 18, 2000 up to date. For this study, the
dataset has been considered up to 2017.

b) Normalized Difference Water Index (NDWI)

NDWI is a vegetation index that gives information about the water content in the vegetation. The value
ranges from -1 to 1, where low values correspond to low water content and high values to high water
content in vegetation. Based on the fact that droughts events increase water losses, that weaken the tree
and expose them to massive mortality (Fried, Torn, & Mills, 2004), NDWI could be a good proxy for water
stress in monitoring forest. It is calculated using the reflectance values in the Short Wave Infra-Red region
(SWIR) and the NIR. NDWT has been considered as a more sensitive BSI for forest monitoring compare
to NDVI because it shows a more stable decrease in value compare to NDVI, without saturation of the
signal for dense vegetation. The formula is:

NIR-SWIR
NIR+SWIR
NDWI time series were retrieve from the MOD13A1 V6 product of MODIS, which is a 16-days

composition with a spatial resolution of 500 metres. The data availability goes from February 18, 2000 to
March 14, 2017.

NDWTI =
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¢) Land Surface Temperature (LST)

LST is a very useful index in geosciences. It is useful in monitoring the state of crops and vegetation and
physical land-processes at local or global scale. Land use and land cover changes -mainly deforestation-
affects the climate by increasing the temperature, with the risk of massive tree mortality (Bharath et al.,
2013). The process relies on a parameter called emissivity, that is the ability of an object to emit depending
on their characteristics. A warm object will emit more than a cold one and the emitted radiation in the form
of short-wave infra-red will be captured by the sensor. The product MOD11A2 V6 from Terra MODIS
was used to retrieve LST. it provides an average of land surface temperature for 8 days with a spatial
resolution of 1 km. the availability of the data ranges from March 5%, 2000 up to now. The series length for
this variable was 17 years.

2.5.3.  Tree cover percentage

The sample units of the TREES project over the SSA have been downloaded from the JRC website (Figure
4). The individual units came in different reference systems, so they have been projected into the world
geodesic system (WGS84) and merged together. The land cover classes of interest were tree cover (TC),
tree cover mosaic (TCM), other wooded land (OWL) and other vegetation cover (OVC), weighted based
on the percentage of tree in the class. TC is considered 100% trees, TCM has 50% of trees, OWL has 20%
of trees and OVC has no tree. The Tc was estimated using following formula:

TC + 0.5(TCM) + 0.2(OWL)
X

%Tc = S

100

Where

%Tc = tree cover (%)

TC = area of tree cover

TCM = area of tree cover mosaic

OWL = area of other woodland

S = total area of natural vegetation (TC, TCM, OWL, OVC).

2.5.4. Sampling strategy and data download

Three classes were specified based on the mean annual rainfall. The climatic zones were: (i) arid where the
average rainfall is less than 1500 mm; (i) sub-tropical (sub-humid) with an average rainfall between 1500
and 2500 mm and (ii) equatorial (humid) with an average rainfall greater to 2500 mm. In each zone, all
sample units corresponding the top 5% of Tc percentage were categorised as forest units, and the bottom
5% that has at least 2% of Tc was the savanna units. These units were used to download the time seties of
the biome state indicators. The series were extracted for the period 2000 to 2017. The biome state indicators
were: NDVI, NDWT and LST.
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3. RESULTS

3.1. Simulated data

3.1.1.  Detrending techniques

Figure 5 presents the response of the seasonality indices at different level of seasonality after detrending.
The simulated data shows a negative relation between ANOVA and seasonality level, and a positive value
between PA and seasonality level. LRM does not show a relation with seasonality, it will not be used in the

next steps.
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Figure 5: Response of EW'S to seasonality for different detrending techniques. the x-axis shows the level of seasonality in the
simulated dataset and y-axis shows the values of the different seasonality indices.
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Among the compared detrending techniques, STL and ARIMA reduce the correlation between the
seasonality indices and the level of seasonality in the original time series of the simulated dataset (Table 1).
Considering the proportion of time series that are properly detrended, STL is associated with the strongest
signal (P(alpha) = 0.88). That values indicates that 88% of the simulated time series detrended by STL are
free from seasonality, and the resulting residuals are close to a white noise signal (PA =1.55). It appears
that, even though ARIMA has an overall good performance for removing the effect of seasonality, very
few time series from the simulated data are properly detrended (P(alpha) = 0.35). However, Gaussian
tiltering shows a good performance after STL (P(alpha) = 0.56 and PA=1.78). LRM as seasonality indicator
does not give a clear signal to evaluate the detrending processes compared to ANOVA and PA.

Table 1: Evalnation of different detrending technigues on a simulated dataset. The significance of the Pearson correlation (r),
is represented by a star (¥).

ANOVA LRM PA
Pearson- Pearson- Pearson-
P(alpha) LRM PApar
Cor (1) Cor (1) Cor (1)
N
© 0.21 -0.57 * 0.023 0.08 * 3.35 0.88 *
detrend
First-diff 0.55 -0.63 * 0.52 -0.72 * 1.68 0.67 *
STL 0.88 -0.11% 0 0.02 1.55 0.05
ARIMA 0.35 -0.48 * 0.71 -0.39 * 1.97 0.06
Gauss filt 0.56 -0.63 * 0.52 -0.72 * 1.73 0.87 *
BFAST 0.44 -0.69 * 0.01 0.18 * 3.16 0.87 *
3.1.2. EWS

The residuals from the different detrending were used to generate EWS, and the response of EWS to
seasonality is presented in Figure 6. The correlation between the EWS and seasonality for the different
detrending techniques are presented in Table 2

All the EWS generated using the residuals from STL as input do not show a significant relation with
seasonality. Skewness (SK) shows no significant relation with seasonality when the time series are detrended
using first differencing, STL and ARIMA.
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Figure 6: Response of EWS 1o seasonality for different detrending techniques

Table 2: Correlation between the EWS and seasonality for different detrending technigues. The significance of the Pearson

correlation (r), is represented by a star (*), and non-significant relation are red.

0.0 1.0 20 30

Seasonality

00 10 20 30

Seasonality

ACF SD SK
No detrend 0.93 * 0.96 * -043 %
First diff 0.85 * 0.6 * 0.07
STL 0.07 -0.006 0.01
ARIMA -0.08 * 0.83 * -0.05
Gauss 0.85 * 0.59 * 0.07 *
BFAST 0.93 * 0.95 * -0.32 *
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3.2. Real data

3.2.1.  Sample selection

Figure 7 presents the selected sample units and their relation to mean annual rainfall. A total number of 49
samples were selected in forest and in savanna. The condition of bi-stability can be observed in the range
of mean annual rainfall between 800 -2000 mm. the spatial distribution of the units and the stability status
is presented on Figure 8.
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Figure 7: Tree cover percentage in relation to mean annual rainfall in sub-Sabharan Africa.

Most sample units are under bi-stability conditions for the environmental condition mean annual rainfall.
Stable savannas are in dry areas such as the Sahel belt and around the Kalahari Desert. Most of the selected
units appear to be under bi-stability conditions. Their distribution is presented in Figure 8.
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Figure 8: Spatial distribution of the sample units and their stability status using mean annnal rainfall as the environmental
driver.

3.2.2.

Detrending techniques

The effect of the different detrending techniques on real-world data is presented in Figure 9. A visual check
indicates residuals from STL are the one presenting a low level of structure in the residuals with a pattern
like a white noise signal. The performance of the detrending methods is presented in Table 3 (ANOVA)

and Table 4 (PA), and the graphs are reported in Appendix 7.1.

The analysis of the residuals shows that BEAST has the strongest signal, with better performance for NDVI
and LST series of forest and savanna (P(alpha)< 0.8). It appears that LST time series is the BSI that give
residuals that are less affected by seasonality, both for forest and savanna. None of the tested detrending
techniques can gave good detrending results based on the seasonality indices for NDWI time series.
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Figure 9: Residuals of a NDV/T time series of a savanna detrended by different techniques.

Table 3: Evalnation of different detrending techniques on real-world data using ANOVA. The bigher the performance of the
detrending technique, the greener the colour

Forest Savanna
P(alpha)
NDVI NDWI LST NDVI NDWI LST
First diff 0.16 0.02 0.65 0.04 0.04 -
ARIMA 0 0 0.24 0 0.02 0.16
Gaussian 0.22 0 0.63 0.06 0.02 0.63
STL 0.41 0.25 0.42

The results of PA are presented in Table 4. From the analysis, STL has the best PA values bar for NDVI
time series of forest and savanna (PA<1.73).
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Table 4: Seasonality index of the different techniques using PA. The higher the detrending performance technique, the greener
the colonr.

forest savanna
PAbar

NDVI NDWI LST NDVI NDWI LST

First diff 1.98 241 1.71 2.28 2.57 1.78
ARIMA 2.75 2.1 6.38 2.37 2.12 5.81
Gaussian 1.91 3.4 1.9 2.84 3.96 1.93
BFAST 3.11 15.26 10.26 3.3 15.41 9.4
STL 1.71 2.13 2.36 1.72 2.2 2.19

3.2.3.  Early warning signals (EWS)

Using the R package “earlywarnings”, the EWS where generated as presented in Figure 10.
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Figure 10: Generic EWS of a LST time series detrended using Gaussian filtering. The first row presents the original data
(left) with the ganssian function used for detrending (red line) and the resulting residuals (right). From the second row to the
bottom, the EWS are presented with their Kendal tan which represent the slope of the EW'S over time.

The result of the regression analysis between EWS values and mean annual rainfall is presented in Figure
11 for forest, and Figure 12 for savanna. The figures show the strength and the direction of the relation as
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well as the performance of the detrending (P(alpha)) associated to each one. The graph from the regression
analysis are present in Appendix 7.2
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Figure 11: correlation between EWS and mean annnal rainfall for forest units and the associated P(alpha) for the different
detrending technique. Non-significant relations are outlined with red.
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Based on the theory the expected response is a decrease in the EWS towards an increase in the mean annual
rainfall for forest units, suggesting that when the rainfall increase the indicators indicate that the forest
become more stable. For savanna an increase in the EWS is expected towards an increase in rainfall, to
indicate that when rainfall increase, the indicators suggest that the savanna are less stable.

Figure 11 shows that EWS from LST and NDWI decrease when rainfall increases. However, the
Performance of the detrending techniques on NDWI time series do not guaranty a good level of detrending
(P(alpha)<0.4). LST time series shows high detrending performance associated with the expected response
of the EWS. Some indicators such as SK do not show a significant relation with rainfall, but the SD gives
a consistent response for all the detrending techniques, where the strongest signal is associated with SD
from Gaussian filtering (R*=0.5).

For savanna units (Figure 12), NDWI and NDVI shows the expected direction response of the EWS
towards an increase in the environmental drivers. The indicators suggest that when the mean annual rainfall
increases, the savanna units become less stable. NDWI time series are not propetly detrended because the
residuals still have a high level of seasonality after the different techniques were applied (P(alpha) <0.5).
NDVI time series can be efficiently detrended using BFAST and STL. EWS generated using BFAST as
detrending method, do not show a significant relation with rainfall in the expected direction.SD deviation
give show the expected direction of the correlation for several detrending techniques, but the strongest
signal is associated with STL (R* = 0.19).
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4. DISCUSSION

Detrending simulated data

Different detrending techniques was compared, and their performance was evaluated on a simulated data.
the simulated dataset was showing different level of seasonality for 1000 time series. Three seasonality
indices have been proposed for estimating the seasonality level in the residuals after detrending. The first
seasonality index (ANOVA) describes the variance in the residuals of the time series using the years as an
explanatory variable, where a significant difference in the variance across year suggests the existence of
seasonality in the residuals (Grandell, n.d.). From ANOVA, a metric P(alpha) was built to evaluate the
efficiency of a detrending technique on many time series, by giving the proportion of residuals without
seasonality after detrending. The second seasonality index (LRM) has shown limitations in using the mean
of the observations to estimate the seasonality in the residuals. The last seasonality index (PA) analyses the
patterns of the residuals of the time series after detrending to estimate the seasonality. Among the five
detrending techniques considered in this study, STL is the most effective detrending technique because it
gives the highest proportion of time series without seasonality after detrending (P(alpha) = 0.88) with a
residual pattern like a white noise signal (PA=1.55). The ability of the detrending techniques to generate
robust EWS was also assessed, to identify the combinations of detrending technique and EWS that are not
sensitive to seasonality. It comes out that with STL, the generated EWS are not sensitive to seasonality. Lu,
Carbone, & Gao (2017) also found that the weighted regression is the most appropriate self-adaptive
detrending method, suggesting that STL is to detect a shift in time series. STL appears to be the most
efficient detrending method able to remove most of the seasonality in the time series and produces robust
EWS.

Detrending real-world data

After the evaluation on simulated data, the detrending methods have been applied on real-world time series
of BSI. The sample were selected across the rainfall gradient and different BSI time series were considered
(NDVI, NDWI and LST). The ANOVA of the original data before detrending shows that NDVI and
NDWI have a P(alpha)= 0, and LST has a P(alpha) equals to 0.12 for forest and equals to 0.08 for savanna.
After detrending, BFAST is identified as the most efficient detrending techniques on NDVI (P(alpha) =
0.86) and LST series (P(alpha)=0.84) for forest and savanna units respectively. STL is ranked second, with
the best performance on LST series (P(alpha)=0.78). Similar results were found by Abbes et al (2018), with
the explanation that STL by design is not able to capture changes in satellite derived time series because of
the static seasonal component embedded in it. Moreover, BFAST can detect changes with good temporal
precision, even though it is computationally slower compared to other algorithms. However, if there are no
abrupt changes, STL algorithm is a better option because it has computational benefits to deal with a large
dataset.

The pattern in the residuals after of the detrending was used as an index for evaluating the detrending
performance. A detrending technique able to remove all the structures in the time seties, yielding a signal
like a white noise is a good detrending (Dakos et al., 2012). The analysis of the detrending shows that the
pattern of the residuals is not enough for the evaluation of the performance of a detrending technique. An
illustration is the first detrending technique (Figure 9) that generate residuals without internal structure, but
with a high level of variance in the residuals showing a poor detrending performance (P(alpha)= 0.04).

NDVI and LST appear to be able to capture the variations in the system state, and to describe the relation
between the EWS and the environmental driver mean annual rainfall. NDWI has been presented in the
literature as one of the most robust BSI to monitor forested regions, but it does not show the high-
performance level for the considered detrending techniques.
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This could be because the window size considered in the detrending process does not allow to capture and
filter out the seasonality, due to the high sensitivity of NDWI to water vapour and thus to the effect of
season (Shi et al,, 2015). However, it is reported that the window size do not affect the detrending results
(Lenton et al., 2012).

Early warning signals (EWS).

After detrending, EWS was generated, a regression analysis was implemented to describe the relation
between EWS and the environmental driver. The idea was to identify the EWS and the associated
detrending technique that could be used to predict the change in the stability of a system from the change
in the mean annual rainfall. From the literature, the relation between vegetation and rainfall is established.
(Hirota et al., 2011). For An increase in rainfall, the forest units with high T are expected to become more
stable, which should be indicated by a decrease of the EWS. On the other hand, savanna units with low Tc
are expected to become less stable, which should become visible by showing an increase in the EWS.

The regression analysis using the sample units from the JRC shows that there is no significant relation
between SK and change in mean rainfall for most of the detrending techniques. Considering the forest
units, SD and ACF decrease towards higher rainfall, for NDWI and LST time series. NDVI shows and
increase of SD for higher rainfall, suggesting that forest units are less stable with more rain. This could be
because of NDVI saturation which has been pointed out over vegetation with high biomass like forested
regions(Huete, Liu, & VanLeeuwen, 1997). Detrending techniques perform better on LST time series
compare to NDWI and, SD is a more robust EWS compared to ACF. SD derived from LST time series is
the most robust EWS to predict the change in forest when detrended first by BEAST (R?= 0.24) and second
by STL (R?>= 0.17). The EWS show a weak signal suggesting that the mean annual rainfall is not the main
environmental condition as far as the stability of forest units is concerned. For Dakos et al. (2012), the most
important information needed generate relevant EWS, is related to the major environmental drivers that
affect stability. This is because metrics indicators detect an upcoming transition without a taking without
considering the underlying process that generates the transition.

In savanna the relation between mean rainfall and skewness is not significant for LST and NDVI under
first differencing and NDWI under Gaussian and BEAST detrending techniques. Only NDVI and NDWI
shows and increase in the EWS as the mean annual rainfall increases. As far as the detrending techniques
are concerned, only BFAST and STL can give residuals free from seasonality (P(alpha) > 0.6). However,
the relation between the EWS and the rainfall is not significant for BEAST. Therefore, SD from NDVI
series detrended by STL is the combination that gives the strongest signal based on the P(alpha), and with
the relation between EWS and rainfall in the expected direction as suggested by the theory. most robust
EWS to predict the stability of a savanna when the rain increase. The performance of the detrending
technique is not the only parameter that could affects the robustness of EWS. Aggregation of the data, the
length of the sliding windows, the tuning of the detrending parameters (bandwidth, degree of smoothing
etc.) are also important for EWS.
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5. CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

This study aimed at evaluating the effect of detrending techniques on EWS in the context of regime shift
analysis in natural ecosystems. To reach that goal, (i) the performance of certain detrending techniques were
evaluated on a simulated dataset (i) The different techniques were compared on real-world data using the
data from the TREES project of the JRC and three BSI time series (NDVI, NDWI and LST); and (iii) the
response of EWS to variability in the mean annual rainfall was evaluated. The analysis showed that, from
the simulated data, STL is the most robust detrending technique, capable of effectively removing different
levels of seasonality in the time series. Moreover, it generates robust EWS that are not affected by
seasonality. The developed seasonality indices were able to detect the residuals of time series free from
seasonality after detrending.

On real-world data, the analysis revealed that BEAST is the most efficient detrending techniques, but STL
appeared to be a good alternative because it can be implemented faster especially for large datasets. LST
and NDVI time series were the BSI associated with high detrending performances, where LST gives higher
results for forest units and NDVI for savanna units. NDWI was expected to give the highest performance,
rather the results show that when detrended using the same parameters as the other BSIs, the residuals still

contain high level of seasonality.

As far as the EWS is concerned, Standard deviation (SD) appeared to be the most robust EWS, showing a
significant response to change in mean annual rainfall, and the expected direction of the relation according
to the theory. BFAST and STL give high detrending results and, can produce strong EWS that follows the
theorical model. LST time series seem to give the strongest relation between EWS and rainfall for forest
when detrended by BFAST, while NDVI time series detrended by STL were best describing that relation
for savanna. The relation

It has been shown in this study that the performance of detrending techniques is different from simulated
data to real-world data. BEAST and STL could be considered as detrending techniques to generate EWS to
detect critical transition in ecosystem. However, the utilization of higher resolution satellite products could
give a better understanding of an ecosystem and could give trustworthy results. With the arrival of the
Sentinel-missions, there is hope for the availability of higher temporal and spatial resolution in the future
for ecological monitoring.

5.2. Recommendations

From this study, some investigations need to be considered in order to improve the understanding of the
effect of detrending techniques on EWS in the context of regime shift analysis. The main recommendations
are:

- Tuning the detrending techniques further could yield better performance of certain techniques. In
this study the default settings were used for most of the techniques and for all the BSI. Adjusting
some parameters like considering the season (dry and raining season) rather than the entire year
could give more insights and could improve the detrending performance of NDWI.

- Other EWS such as coefficient of variation and the return rate should be explored. This study
revealed that for certain detrending techniques, some EWS were not giving a significant relation
between the EWS and the environmental driver. Therefore, the consideration of other EWS could
give better results.
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7.1.

Seasonal index 1: ANOVA
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Detrending of real-word data
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Appendix 1: Effect of different detrending technigues on NDV/T time series for forest (green) and savanna(blue)
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Appendix 2: Effect of different detrending technigues on NDWT time series for forest (green) and savanna (blue).
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Appendix 3: Effect of different techniques on LST time series for forest (green) and savanna (blue).

0.8

0.4 0.6 0.8 1.0

0.2

0.0

1000 2000 3000

° )
°

doa’® °0 o
T T T T T

500 1500 3000

rainfall (mm)

31




7.2.  Regression analysis of change in EWS and environmental conditions
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Appendix 4: Response of antocorrelation to change in rainfall for ND1/T
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Appendix 5: Response of standard deviation to change in rainfall for NDV/'T
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Appendix 6: Response of skewness to change in rainfall for ND1/T
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Appendix 7: Response of antocorrelation to change in rainfall for NDWI
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Appendix 8: Response of standard deviation to change in rainfall for NDWIT
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Appendix 9: Response of skewness to change in rainfall for NDWIT
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Appendix 10: Response of autocorrelation to change in rainfall for LST
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Appendix 11: Response of standard deviation to change in rainfall for LST
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Appendix 12: Response of skewness to change in rainfall for LST
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