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Abstract: Vegetation activity in many parts of Africa is constrained by dynamics in the hydrologic
cycle. Using satellite products, the relative importance of soil moisture, rainfall, and terrestrial water
storage (TWS) on vegetation greenness seasonality and anomaly over Africa were assessed for the
period between 2003 and 2015. The possible delayed response of vegetation to water availability
was considered by including 0–6 and 12 months of the hydrological variables lagged in time prior to
the vegetation greenness observations. Except in the drylands, the relationship between vegetation
greenness seasonality and the hydrological measures was generally strong across Africa. Contrarily,
anomalies in vegetation greenness were generally less coupled to anomalies in water availability,
except in some parts of eastern and southern Africa where a moderate relationship was evident. Soil
moisture was the most important variable driving vegetation greenness in more than 50% of the
areas studied, followed by rainfall when seasonality was considered, and by TWS when the monthly
anomalies were used. Soil moisture and TWS were generally concurrent or lagged vegetation by
1 month, whereas precipitation lagged vegetation by 1–2 months. Overall, the results underscore
the pre-eminence of soil moisture as an indicator of vegetation greenness among satellite measured
hydrological variables.
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1. Introduction

The hydrologic component of the climate system, as a vital driver of vegetation activity and
productivity across many terrestrial ecosystems, is a constraint to over half of the world’s primary
productivity [1]. Consequently, shifts and anomalies in the dynamics of the hydrologic cycle have
far-reaching impacts not only on vegetation but also on human livelihood and wildlife. There is,
therefore, the need for consistent monitoring of the hydrologic cycle in tandem with vegetation activity,
which is critical to the understanding of the influence of climate variability and change on natural and
agricultural systems. This is also important for early warning systems and attaining sustainable use of
water resources.

Recent advances in remote sensing, especially satellite tracking systems, have enabled the
consistent monitoring of vegetation dynamics. Thus, satellite-retrieved data on vegetation and
components of the hydrologic cycle is often used to probe the degree to which water availability
is coupled to vegetation dynamics. While the majority of these studies are focused on unraveling
the relationship between vegetation and precipitation (e.g., [2,3]), a few others compare the strength
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of the relationship between vegetation-precipitation and vegetation-soil moisture, e.g., [4]. This
comparison has recently been extended to vegetation-precipitation versus vegetation-terrestrial water
storage (TWS) from the Gravity Recovery and Climate Experiment (GRACE) satellites, e.g., [5,6].
However, the challenges with these studies are (i) the relative importance of the variables is drawn
from multi-temporal bivariate correlation analyses wherein the time series of vegetation and one of
the hydrological variables at various lags are assessed one at a time, rather than from a multivariate
analysis; (ii) prior to the analysis, seasonality in the time series is often removed by subtracting the
long-term monthly climatology from the corresponding monthly observations across the years. The
resulting time series is termed anomalies. The motivation for this is, in part, to allow the use of
parametric statistics in which the assumptions of stationarity and independence might be violated
by the presence of seasonality and autocorrelation in the time series. However, an analysis based
on anomalies alone will mask the impact of the hydrological measures on vegetation phenology in
ecosystems with markedly wet and dry season oscillations. All in all, these studies often assume a
linear relationship between vegetation greenness and the hydrological variables, thereby overlooking
the potential for interactions between the hydrological measures and their lag effects on vegetation
dynamics. To overcome this challenge would require the use of a more robust multivariate approach
in which simultaneous analysis and untangling of the relative importance of the hydrological variables
and their lags are carried out, regardless of whether the original observation or anomalies are used.

Given these gaps, the aim of this study is to perform a multivariate analysis using time series of
vegetation greenness as response variable and precipitation, soil moisture, and TWS at eight concurrent
or lead lags as predictor variables. The specific research questions associated with the objective of the
study are

(1) What was the spatiotemporal trend in vegetation greenness across Africa from 2003 to 2015?
(2) How well is the dynamics in vegetation greenness associated with the combined influence of

precipitation, soil moisture, and TWS, and what are their relative contributions?
The analysis was performed using either the original or anomalies of the monthly values of

the variables, and the model was estimated with the random forest algorithm. Random forest is a
non-parametric, distribution-free machine learning algorithm that is capable of modeling linear and
non-linear relationships between variables [7]. The study is focused on Africa, which is a continent with
considerable water-limited ecosystems [8,9] that severely affect livelihoods. In addition, many studies
that included soil moisture in assessing the eco-hydrological relationship between water availability
and vegetation greenness dynamics in Africa largely used modeled soil information [9–11], essentially
because of the paucity of in situ data. Thus, the use of independent satellite-observed datasets in this
study should offer new insights into the eco-hydrological relationships across Africa and ameliorate
the data paucity situation.

2. Materials and Methods

2.1. Study Area and Data

The study area encompasses the vegetative region of Africa, as shown by the land cover map in
Figure 1. Monthly time series of the Enhanced Vegetation Index (EVI), precipitation, soil moisture,
and GRACE TWS were used in this study (Table 1). Because GRACE TWS was first available in 2002
and we are interested in vegetation delayed response of up to 12 months to water availability (see
Section 2.3), the data span of available hydrological variables that was considered was from 2002 to
2015, whereas EVI was from 2003 to 2015. Thus, the latter period determined the temporal extent of
the analysis.
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Figure 1. The major land cover types across Africa aggregated from the University of Maryland 
(UMD) MODIS land cover layer for 2013 (adapted from Ugbaje et al. [12]). 
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2017). Didan [13] 

Precipitation 
CHIRPS Version 2 

monthly precipitation 
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~5 km 
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Water Storage 
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National Aeronautics and Space Administration’s GRACE 

data portal (http://grace.jpl.nasa.gov, last accessed July 
2017). Swenson and Wahr [16]; Landerer and Swenson [17]. 

EVI, as a surrogate for vegetation greenness, has the advantages of being robust against 
background and atmospheric noises, and, unlike the Normalized Difference Vegetation Index, it does 
not saturate over high biomass regions [18]. For this study, EVI time series from the MOD13C2 
(version 6) product, which is a derivative of image acquisitions from the moderate resolution imaging 
spectroradiometer (MODIS) sensor onboard the Terra satellite, was retrieved. MOD13C2 was derived 
from the MOD13A2 product, which is a 16-day composite at a 1-km spatial resolution. 

Monthly precipitation data were obtained from the Climate Hazards Group InfraRed Precipitation 
with Station data portal. CHIRPS are global, gridded precipitation datasets, derived from a blend of 
satellite-observed infrared cold cloud duration and in situ gauge records [14]. The blending is 
performed using a series of algorithms and interpolation techniques, which are described in Funk et al. 
[14]. Validation of CHIRPS estimates against independent ground observations and some global 
gridded precipitation products show CHIRPS to have a relatively low bias [14]. Further, with a spatial 
resolution of 0.05°, CHIRPS has one of the finest spatial resolution of all the currently available long-
term, global gridded precipitation products. The products, as an integral component of the Famine 
Early Warning Systems Network, have been used for other applications as well, e.g., [12]. 

Daily satellite observed soil moisture data were downloaded from the European Space Agency 
Climate Change Initiative data portal. The merged product comprising retrievals from the active and 

Figure 1. The major land cover types across Africa aggregated from the University of Maryland (UMD)
MODIS land cover layer for 2013 (adapted from Ugbaje et al. [12]).

Table 1. General description of the research data.

Data Resolution Source/Citation

EVI

MODIS Collection 6
monthly EVI

Product-MOD13C2:
2002–2015

~0.05◦
National Aeronautics and Space Administration’s

Earthdata portal (ftp://ladsweb.nascom.nasa.gov, last
accessed July 2017). Didan [13]

Precipitation
CHIRPS Version 2

monthly precipitation
data: 2002–2015

~5 km

Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) portal

(http://chg.geog.ucsb.edu/data/chirps, last accessed
July 2017). Funk et al. [14]

Soil moisture ESA CCI daily soil
moisture ~0.25◦

European Space Agency Climate Change Initiative
data portal (http://www.esa-soilmoisture-cci.org, last

assessed July 2017). EODC [15]

Terrestrial Water Storage
Anomaly (TWSA) GRACE monthly TWSA ~1◦

National Aeronautics and Space Administration’s
GRACE data portal (http://grace.jpl.nasa.gov, last

accessed July 2017). Swenson and Wahr [16]; Landerer
and Swenson [17].

EVI, as a surrogate for vegetation greenness, has the advantages of being robust against background
and atmospheric noises, and, unlike the Normalized Difference Vegetation Index, it does not saturate
over high biomass regions [18]. For this study, EVI time series from the MOD13C2 (version 6) product,
which is a derivative of image acquisitions from the moderate resolution imaging spectroradiometer
(MODIS) sensor onboard the Terra satellite, was retrieved. MOD13C2 was derived from the MOD13A2
product, which is a 16-day composite at a 1-km spatial resolution.

Monthly precipitation data were obtained from the Climate Hazards Group InfraRed Precipitation
with Station data portal. CHIRPS are global, gridded precipitation datasets, derived from a blend
of satellite-observed infrared cold cloud duration and in situ gauge records [14]. The blending is
performed using a series of algorithms and interpolation techniques, which are described in Funk et
al. [14]. Validation of CHIRPS estimates against independent ground observations and some global
gridded precipitation products show CHIRPS to have a relatively low bias [14]. Further, with a
spatial resolution of 0.05◦, CHIRPS has one of the finest spatial resolution of all the currently available
long-term, global gridded precipitation products. The products, as an integral component of the
Famine Early Warning Systems Network, have been used for other applications as well, e.g., [12].

ftp://ladsweb.nascom.nasa.gov
http://chg.geog.ucsb.edu/data/chirps
http://www.esa-soilmoisture-cci.org
http://grace.jpl.nasa.gov
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Daily satellite observed soil moisture data were downloaded from the European Space Agency
Climate Change Initiative data portal. The merged product comprising retrievals from the active and
passive microwave soil moisture was used. This product represents the surface soil moisture not
deeper than 10 cm [19]. While the merging approach is described in Liu et al. [19,20] and Wagner
et al. [21] and the global validation with ground measurements is reported in Dorigo et al. [22], the
merging approach used in version 03.2 (this was used for this study) includes a weighted averaging
technique where the weights are proportional to the signal-to-noise ratio [15]. As this study is at a
monthly time step, we averaged the original daily observations into monthly values. However, the
tropical forest areas are masked out in this dataset [19] because of the difficulty of measuring soil
moisture over dense vegetation with microwave remote sensing [23]. We noted a number of gridded
soil moisture products with complete coverage of Africa, e.g., [24], but the soil moisture estimates are
modeled from other variables, including precipitation. Thus, we opted for the microwave satellite soil
moisture product, which is an independent set of measurements.

The GRACE system is made up of two satellites orbiting at identical orbital paths separated
at a distance of ~220 km [25]. GRACE provides monthly measurements of the Earth’s gravity field
variations, as a function of local landmasses. After accounting for atmosphere and ocean effects [26],
and taking into cognizance the relatively low contribution of vegetation biomass variations [27], the net
mass variation can be attributed to the redistribution of TWS. Thus, TWS is an integral of surface water,
soil moisture, and groundwater. In this study, we used an ensemble of average TWS from April 2002
to December 2015 computed from the GRACE data (release-5, level-2) independently pre-processed by
three research centers (NASA Jet Propulsion Laboratory (JPL), University of Texas Center for Space
Research (CSR), and the GeoForschungsZentrum (GFZ) Potsdam). However, GRACE’s original signal
is lost during pre-processing (e.g., filtering, de-stripping, and truncation). Hence, it is important
that an appropriate scaling factor is applied to restore the signal loss prior to using water-related
GRACE-TWS applications. For this reason, the scaling factor from the NCAR’s Community Land Model
4.0 (CLM4.0, [28]) was applied to correct and restore the GRACE original signal. Besides, CLM4.0 takes
into account the interaction between surface and groundwater in addition to accounting for human
activities such as irrigation and river diversion [17,28,29]. Consequently, the TWS used in this study is
measured in equivalent water height (EWH, in cm) at a spatial resolution of 1◦ and at a monthly time
step. In order to match the January 2002 starting point of the soil moisture and precipitation datasets,
the GRACE data was extended backward by replacing the three missing months (January, February,
and March) with their long-term means. It is not expected that this data interpolation will have a
significant impact on the result of this study. It is worth mentioning that the GRACE-TWS was derived
from subtracting the monthly observations from a historical mean (2004–2009), the output of which is
commonly referred to as terrestrial water storage anomalies (TWSA) in the GRACE user community.

The soil moisture, precipitation, and the GRACE datasets were resampled to co-register with
the MODIS EVI data. Each pixel of the soil moisture (0.25◦) and GRACE (1◦) datasets were first
disaggregated to 0.05◦ and then resampled by the nearest neighbor technique and then aligned to the
EVI dataset. These two approaches ensure minimum loss of information in the downscaling process.
However, the CHIRPS pixels were only resampled to match the MODIS EVI pixels using the nearest
neighbor approach. The two-step (disaggregation and nearest neighbor interpolation) approach used
here replicates the pixels without necessarily altering the original cell values.

We masked some pixels based on the following considerations. Any pixel missing more than
20% of data or where there are more than three consecutive months of missing data was masked out.
Otherwise, we filled the missing values using a spline interpolation algorithm [30]. Furthermore, to
focus the analysis on vegetated areas, pixels with time series having a mean EVI not exceeding 0.1
were masked out. EVI values below this threshold are indicative of bare soil or open water bodies [31].

A key focus of this study is to understand the relative importance of the hydrological measures as
drivers of vegetation greenness, based on original and anomalies values. For this reason, monthly
anomalies were computed by subtracting the climatology (long-term mean) of each calendar month
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from the corresponding monthly time series over the years covered in this study. The equation for this
is given by

Xanomaly(i, j) = X(i, j) −
1
n

n∑
j=1

X(i, j), (1)

where X is the monthly observed variable, i is the month, j is the year, and n is the number of the years
of the data. It should be noted that for the GRACE data, the computed monthly anomaly should not
be confused with the original GRACE data in which the long-term mean has been subtracted and is
referred to as TWSA. To avoid confusion, the original GRACE data will still be referred to as TWSA in
this paper.

2.2. Trend Analysis

Trend analysis was performed on the time series of the monthly anomalies of each of the variables:
EVI, precipitation, soil moisture, and TWSA over the period 2003 to 2015. The trend was estimated
using the Mann–Kendell (MK) trend test [32,33]. The MK test evaluates a series for the presence and
persistence of monotonic trend (increase/decrease) through pairwise comparison of observations. The
test outputs Kendall’s tau rank correlation coefficients (τ), which takes on values between −1 and 1 [33].
Positive, zero, or negative τ values, respectively, indicate an increasing, no trend, or a decreasing trend.
The test is non-parametric and is widely used in remote sensing time series analysis, e.g., [12]. The MK
test was used in this study because of its robustness to outliers and its capacity to handle short or noisy
series compared to parametric tests such as ordinary least squares regression. Finally, only Kendall’s τ
values where the estimated trend was significantly different from zero (p < 0.05) were retained.

2.3. Modeling the Relationship between Vegetation Greenness Dynamics and Water Availability

In cognizance of the possible vegetation response to water availability exhibiting time lags, the
relationship between vegetation greenness and the water availability was estimated with EVI as the
response variable and 0–6 and 12 months lagged measures of the hydrological variables as predictors.
Consequently, the time series of EVI for the period 2003 to 2015 was used, whereas the predictor
variables were drawn from the time series of the hydrological variables covering the period from 2002
to 2015. This resulted in 156 observations for each pixel for the response and the 24 predictor variables
(3 variables × 8 lags).

The relationship between EVI and the hydrological measures at the associated lags was estimated
with random forest (RF). We chose to use RF because it is a distribution-free, non-parametric algorithm
that can be used to model simple and complex relationships between response and predictor variables [7].
It has been widely used in many regression and classification problems [34,35]. In addition to being
robust in the presence of irrelevant features, RF estimates a metric for the relative importance of the
predictor variables to the prediction problem [7]. The variable importance (VIP) metric indicates the
decrease in prediction accuracy on an out-of-bag sample (test sample) in which the values of a variable
are randomly reshuffled as against the prediction accuracy on the same out-of-bag sample with no
reshuffle. The higher the decrease in prediction accuracy, the more is the predictive power of the
variable in the model. In this study, the RF model was estimated for each pixel with the number of
trees set to 500, above which there is no significant improvement of model performance. The default
values for the other parameters (e.g., mtry and node size) in the R statistical software implementation
of RF were used.

Model performance assessment: The strength of the model was assessed by comparing the
out-of-bag prediction of EVI against the observed values. The comparison was based on Lin’s
concordance correlation coefficient (LCCC) metric [36]. LCCC expresses the degree of agreement
between the predicted values with the observed values, with respect to the 1:1 line [36].
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3. Results

3.1. General Trends in EVI, Soil Moisture, TWSA, and Precipitation

Broadly speaking, there was a dominant positive trend in vegetation greenness anomalies in most
parts of Africa (Figure 2) over the study period. Nonetheless, large clusters of a negative trend in
greenness anomalies can be observed in Algeria, Tunisia, Libya, Niger, Nigeria, Ghana, Angola, and
in countries in the eastern flank of Africa, extending from Eretria southwards to South Africa, and
eastwards to Madagascar. Interestingly, the trajectories of vegetation greenness anomalies spatially
coincided with trends in one or more of the hydrological variables in some locations. For example, the
positive trend in greenness anomalies in southern Mali, in the region around the Sudan/South Sudanese
border, and in parts of Angola and South Africa, is matched by an upward trend in at least two of the
hydrological variables. However, a diverging direction of anomalies trends between vegetation and
particularly soil moisture and TWSA, can be observed in Libya, Egypt, and also in Zambia. Finally, an
important trend of ecological note is the pronounced clusters of a negative trend in precipitation and
TWSA anomalies in parts of the Congo Basin.
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Figure 2. Trends in anomalies of EVI, precipitation, soil moisture, and TWSA over Africa from 2003 to
2015. The white areas are either no trend (p > 0.05), barren, no data, or water bodies.

3.2. Relationship between Vegetation Greenness Dynamics and Water Availability

Figure 3 shows the maps indicating the strength of the relationship between vegetation greenness
and the hydrological variables and their lags as modeled with values of original observations (Figure 3A)
and those of the monthly anomalies (Figure 3B). In the case of the original values, the relationship
was very strong for most of Africa (LCCC > 0.75), although moderate relationships (LCCC = 0.5–0.75)
were observed in Somalia, parts of Ethiopia and Kenya, southern Namibia, and Western South Africa,
and in the northern margins of the Sahel. On the other hand, anomalies in vegetation greenness were
generally less coupled to anomalies in water availability in many parts of Africa (LCCC < 0.25), notably
in areas quite north of the Equator, predominantly across the savanna zones from west Senegal to
the east coast of Eretria and Djibouti. However, in Namibia, Botswana, Kenya, Somalia and parts
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of Tanzania, Ethiopia, and South Africa, a moderate relationship between anomalies in vegetation
greenness and water availability was evident (LCCC = 0.5–0.75).
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Figure 3. Spatial variability of the strength (LCCC) of vegetation greenness response to concurrent and
lagged precipitation, soil moisture, and TWSA for the period 2003 to 2015 based on monthly time series
of (A) original observations and (B) anomalies. The white areas are masked out either due to no data,
barren land, or water bodies.

Figure 4 summarizes the relationship between vegetation greenness and the hydrological variables
and their lags across the major land cover types. Again, the relationship was stronger for all land
cover types in the case of original values (Figure 4A) in comparison to the anomalies (Figure 4B).
Furthermore, relative to the other land cover types, the relationship was generally stronger in the
woodlands and croplands with the original values, whereas vegetation greenness anomalies were
more coupled with anomalies in water availability in the grasslands than in the other land cover types.
Regardless of which data type (original or anomaly values) was used, vegetation greenness in the
forest class was relatively less associated with water availability than in the other land cover types
(Figure 4A,B).
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Figure 4. Relationship between vegetation greenness and concurrent and lagged precipitation, soil
moisture, and TWSA across major land cover types for the period 2003 to 2015 based on monthly time
series of (A) original observations and (B) anomalies.

3.3. Relative Importance of Soil Moisture, Precipitation, and TWSA as Drivers of Vegetation Greenness Dynamics

Figure 5 shows the two top-ranked predictor variables and their associated lags from the modeled
relationship between vegetation greenness and water availability for the original (Figure 5A) and
monthly anomalies (Figure 5B) data. Figure 6 further illustrates the proportion of pixels across
the five top-ranked predictors. Based on the original observations, precipitation and soil moisture
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were the most important predictors of vegetation greenness. The proportion of pixels where soil
moisture was ranked as the topmost VIP in predicting vegetation greenness was about 55% (Figure 6A).
This encompassed parts of west southern Africa, East Africa, and the western Maghreb (Figure 5A).
However, the proportion rapidly declined to about 30% in the fifth VIP. Precipitation, on the other
hand, was the most important hydrological variable driving vegetation greenness in the eastern flank
of southern Africa (Figure 5A). The proportion of pixels across Africa where precipitation was ranked
among the top five VIP was fairly constant (45%, Figure 6A). In terms of vegetation lag response to the
hydrological variables, and based on the first two important predictors, precipitation generally led
vegetation greenness by 1 to 2 months (e.g., in eastern South Africa), whereas soil moisture was more
concurrent with or led vegetation greenness by 1 month (e.g., in Namibia and Botswana).
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Anomalies in soil moisture and TWSA were the dominant hydrological predictors of anomalies in
vegetation greenness in most of Africa, with the role of precipitation greatly diminished (Figure 6C).
Whereas soil moisture anomalies drive anomalies in vegetation greenness in virtually all parts of Africa,
anomalies in TWSA were more coupled to vegetation dynamics anomalies in the humid savanna zone
of Nigeria and the semi-arid region of Egypt (Figure 5B). Nonetheless, the proportion of pixels with
dominant soil moisture control of vegetation greenness anomalies decreased considerably from the
first (65%) to the fifth (30%) ranked VIP. This is in contrast to that of TWSA that increased from 25% to
50% (Figure 6D). Going by the first and second VIP results, vegetation anomalies lagged precipitation
and TWSA anomalies by 0 to 1 month, though the response was much delayed in some parts of North
Africa (Figure 5B).

4. Discussion

4.1. Trends in EVI and the Hydrological Variables

Some of the observed trends in vegetation greenness in this study are consistent with those
reported by more recent regional and continental studies. For example, the positive trend in vegetation
greenness observed in most parts of the Sahel has also been reported in recent studies by Leroux et
al. [37], which examined vegetation changes in the Sahel between 2000 and 2015, and by Ugbaje et
al. [12], which investigated the variability of vegetation productivity across Africa between 2000 and
2014. Additionally, the hotspot of declining vegetation greenness observed in southwestern Niger is
consistent with findings from many studies (e.g., [37,38]). This hotspot has been dubbed “a Sahelian
exception” because it stands in contrast to the dominant Sahelian greening [37]. Likewise, the negative
trend in greenness over Zambia is in line with the reported decline in vegetation productivity by
Ugbaje et al. [12] for the period between 2000 and 2014. Similarly, the clusters of a negative trend in
vegetation greenness in parts of Somalia, Kenya, and Tanzania correspond to those reported by [39]
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over the period 2000 to 2010. This indicates that vegetation activity in this region has continued to
decline even after 2010, up to 2015, as reported here.

Similar to the observed vegetation greenness trends, some of the trajectories of hydrological
variables are in line with those of other studies. For instance, the positive trend in soil moisture and
precipitation in southern Chad and South Sudan was also reported in a study by Huber et al. [9] which
analyzed vegetation greenness dynamics in relation to water availability in the Sahel over the period
of 1982 to 2007. Similarly, the general positive trend in soil moisture in southern Africa is in agreement
with the improvement in soil water content for the period of 1993 to 2012, observed by Wei et al. [40].
Thus, our results indicate that this positive trend in soil moisture and precipitation persisted up to
2015. Also, the observed decline in precipitation and TWSA in parts of the Congo basin has also been
reported by Zhou et al. [41] for the period covering 2000 to 2012.

However, the results here show a few notable areas of differences in trend directions from what is
reported by other studies. For example, in Ugbaje et al. [12], vegetation productivity in Angola was
largely stable, which is in contrast with a dominant positive trend in vegetation greenness observed in
this study (Figure 2). Similarly, contrary to Zhou et al. [41] who observed a corresponding decrease in
EVI following a decline in water availability in the Congo, here, EVI for most parts of the basin was
either stable or showed a positive trend (Figure 2). This may be due to improvement in non-water
related constraints like decreasing cloud cover and the concomitant increase in solar radiation [42].
Overall, the differences in the trajectories of vegetation dynamics between these studies and those in
this study may be linked to the contrast in the time interval considered for the trend analyses.

4.2. Spatiotemporal Variation of Vegetation Greenness in Relation to Water Availability

Unlike many studies that assessed the relationship of vegetation greenness and water availability
using one or more hydrological variables from remote sensing (e.g., [3,6,43]), this is the first study, to the
best of our knowledge, that has analyzed vegetation greenness dynamics in relation to precipitation, soil
moisture, and TWSA within a multivariate framework. The RF modeling results of water availability
were generally strongly coupled to vegetation greenness when the cyclic seasonal variation in the
analyzed time series is not removed. This is generally expected for Africa as the vegetation phenological
cycle is primarily driven by the wet–dry season cycle. However, the moderate relationship observed in
the semi-arid areas like in the Horn of Africa and the northern Sahel can be explained by their erratic
precipitation regime.

On the flip side, when the monthly means were removed from the time series, the strong
relationships between vegetation greenness and water availability was not as widespread across Africa.
Most notably, the observed relationship was weak in the savanna belt stretching from the West coast of
Africa to the east coast of Eretria and Djibouti. This result implies that the predominantly positive trend
in greenness anomalies observed in the region may be driven by factors other than water availability.
Such factors may include atmospheric fertilization, agricultural intensification including the use of
improved and high yielding crop cultivars, afforestation, and a positive trend in the growing season
length [44–46]. However, in eastern and southern Africa, south of Zambia, vegetation greenness
anomaly dynamics was more linked to anomalies in water availability compared to the relationship
observed in West Africa across to the east coast of Eretria and Djibouti. The relatively high proportion
of grass cover in most parts of eastern and southern Africa (see Figure 1) may, in part, explain this
difference in regional response to water availability. Because of their shallow rooting system, grasses
are generally more sensitive to fluctuations in near-surface soil moisture availability than most woody
plants [47], as can be seen from the relatively strong relationship obtained for the grassland cover type
(Figure 4B). Nonetheless, the sensitivity of grassland linked to moisture anomalies is also a reflection of
the increasing frequency and severity of water-related extreme events such as drought and flooding in
eastern and southern Africa [48,49]. Therefore, the dynamics in water availability related to anomalies
in one or more of the hydrological variables (soil moisture, TWSA, and rainfall) was to a large extent the
principal driver of trends in vegetation greenness anomalies observed in eastern and southern Africa.
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4.3. The Relative Roles of Precipitation, Soil Moisture and TWSA in Driving Vegetation Greenness

The dominance of soil moisture as the first ranked predictor of vegetation greenness dynamics in
substantial parts of Africa from the two RF models (original or monthly anomalies data) (Figure 5)
can be attributed to soil moisture being a better integral of the effects of topography and energy
on plant available water than precipitation and TWSA. This also confirms soil moisture as a vital
component of the hydrological cycle better linked with the vegetation phenological cycle [8]. However,
there are locations where precipitation and/or TWSA were better indicators of plant available water
than soil moisture. For example, with the original data, precipitation outranked soil moisture (and
TSWA) as a predictor of vegetation greenness dynamics in south-eastern Africa which contrasts
with south-western Africa where soil moisture exercised dominant control (Figure 5A). The better
performance of precipitation in south-eastern Africa can be attributed to the strong influence of the
adjacent Indian Ocean and ENSO events on the ecohydrological regime of the area [50].

Although precipitation is considered the primary climatic driver of vegetation phenology [8], here
monthly anomalies of precipitation were not as important as anomalies in soil moisture and TWSA in
explaining anomalies in vegetation canopy greening across Africa. This result is similar to the findings
in other studies that reported a better correlation between satellite-observed soil moisture and NDVI
anomalies (e.g., [4]) and between GRACE TWSA and NDVI anomalies (e.g., [6]). This result, therefore,
is in line with the understanding that the amount of water stored in the soil rather than the amount of
precipitation received determines the survival of plants to extreme events like drought.

Regardless of whether the original or anomalies time series was used for modeling, vegetation
greenness generally responded quicker (0–1 months) to changes in soil moisture and TWSA than to
precipitation (1–2 months). This is plausible especially if we consider precipitation as the source and
soil moisture and TWSA as the conduit of plant-available water. This premise is also supported by the
results of Chen et al. [4] and Yang et al. [6] which indicated a generally strong correlation between
vegetation greenness anomalies and soil moisture and TWSA anomalies over Australia at 0 to 1 months
of vegetation delayed response. On the global scale, Xie et al. [51] also observed a vegetation greenness
delayed response of 0- to 1-month to the TWSA. Additionally, Yang et al. [6] and Gessner et al. [3]
found NDVI to be strongly correlated with precipitation at time lags upwards of a month.

5. Conclusions and Outlook

Remote sensing observations of EVI, soil moisture, TWSA, and station-satellite blend precipitation
products were used to assess the impact/influence of the hydrological controls of vegetation greenness
dynamics over Africa for the period between 2003 and 2015. By using a multivariate approach with the
distribution-free RF algorithm, the relationships between these hydrological variables and vegetation
greenness, with and without monthly anomalies, were assessed. The advantage of this approach is that
it allows for the modeling of complex interactions between vegetation greenness and the hydrological
variables, including lag effects. This is a more robust way to assess the relative importance of the
hydrological variables and their lag effects on vegetation response to water availability.

In most parts of Africa, the RF model with the seasonal component present in the time series
(original data) generally performed better than the model driven by monthly anomalies of the variables.
These results indicate that water availability is a better driver of vegetation phenology than anomalous
vegetation greenness trends in most parts of Africa. This contrast in model performance is particularly
striking across West Africa and eastward to Eretria and Djibouti. With regards to the relative importance
of the three hydrological variables to vegetation greenness dynamics, soil moisture was the only variable
that consistently performed with both time series types and was ranked as the first important variable
in more than 50% of the pixels examined. Nonetheless, precipitation and TWSA had significant roles
in controlling vegetation greenness with the original and monthly anomaly time series, respectively.
Of particular note is the strong predictive power of precipitation in the eastern flank of south-eastern
Africa, which is a demonstration of the strong influence of the adjacent Indian Ocean on the vegetation
dynamics of the region. In terms of the response of vegetation greenness to changes in the hydrological
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measure, soil moisture, and TWSA were generally concurrent or led vegetation by 1 month, whereas
precipitation led vegetation by 1–2 months. This demonstrates that soil moisture and TWSA are direct
indicators of plant-available water than precipitation.

However, a key point to note is that soil moisture may have masked the strength of TWSA in
predicting vegetation greenness response to water since TWSA is a measure of water stored from
the surface to the boundary between the earth’s crust and the mantle, which is inclusive of soil
moisture. The soil moisture product used in this study represents measurements not deeper than 10 cm.
This relationship between soil moisture and TWSA explains why the total area where soil moisture was
important rapidly declined with a concomitant increase in the total area of TWSA influence across the
variable of importance ranking (Figure 6). Thus, there is the need to further partition GRACE TWSA
into the surface and groundwater components. However, because the current microwave sensors
measure only soil moisture at the top few centimeters, TWSA supplements these measurements in
areas where the root zone is deeper. Another possibility is to jointly assimilate the SMOS near-surface
soil moisture observations and TWSA into a hydrological model to better approximate the root zone
soil moisture, as demonstrated recently by Tian et al. [47], providing a better indicator of plant-available
water and better vegetation response.

All in all, our results illustrate the usefulness of remote sensing soil moisture and TWSA as
complementary data to precipitation in assessing and monitoring vegetation greenness dynamics,
despite their relatively low spatial resolution (>0.25◦). This is especially important in Africa,
where there is a dearth of in situ precipitation and soil moisture observations. Furthermore, the
relationships observed across the vegetation types in this study can be used in benchmarking coupled
vegetation-climate models. The generally low correlation between vegetation greenness anomalies
and the hydrological variables anomalies observed over most of Africa (Figure 3B) can be improved if
additional hydroclimatic variables such as vapor pressure deficit and evapotranspiration, as well as
root zone soil moisture estimates, are incorporated to the RF model.
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