Atmosphere 2013, 4, 411-427; doi:10.3390/atmos4040411

atmosphere
ISSN 2073-4433
www.mdpi.com/journal/atmosphere

Article

Comparison between Vegetation and Rainfall of Bioclimatic
Ecoregions in Central Africa

Sonfack Rousvel !, Nzeukou Armand %*, Lenouo Andre 3, Siddi Tengeleng 2,
Tchakoutio Sandjon Alain 2 and Kaptue Armel 4

! Laboratory for Environmental Modeling and Atmospheric Physics (LAMEPA), Faculty of Sciences,
University of Yaounde I, P.O. Box 812, Yaounde, Cameroon; E-Mails: fack_son@yahoo.fr (S.R.);
stchakoutio@yahoo.com (T.S.A.)

2 Laboratory of Engineering for Industrial Systems and Environment (LISIE), IUT-FV,

University of Dschang, P.O. Box 134, Bandjoun, Cameroon; E-Mail: siddit2000 @yahoo.fr

3 Department of Physics, Faculty of Sciences, University of Douala, P.O. Box 24157, Douala,
Cameroon; E-Mail: lenouo@yahoo.fr

* Geographic Information Science Center of Excellence, South Dakota State University, Brookling,
SD 57007, USA; E-Mail: armel.kaptue @sdstate.edu

* Author to whom correspondence should be addressed; E-Mail: armand.nzeukou @ gmail.com;
Tel.: +237-96-046-602.

Received: 5 September 2013, in revised form: 30 September 2013 / Accepted: 19 October 2013 /
Published: 13 November 2013

Abstract: This paper investigates the relationship between the Normalized Difference
Vegetation Index (NDVI) and extracted rainfall in the Global Precipitation Climatology
Project (GPCP) in Central Africa between latitudes 15°S and 20°N and longitudes 0°E
and 31°E. Monthly NDVI and GPCP datasets for the period 1982-2000 have been used.
The Index of Segmentation of Fourier Components (ISFC) has been applied on the NDVI
dataset to segment Central Africa into four bioclimatic ecoregions (BCERs). In order
to compare the differential response of vegetation growth to rainfall, an analysis of the
inter-annual, intra-annual and seasonal variability for each BCER has been carried out, and
the correlations between NDVI and rainfall have been assessed. The plot of the annual cycles
of both variables revealed a coherent onset, peak and decay, with a time lag of 1 month
for almost all the zones, except the zones, semi-desert and steppe, where a season of short
and intense rainfall was observed. The correlation coefficients computed between the two
variables are relatively high, especially in brush-grass savannah, where they reach up to 0.90
at a time lag of 1 month. The phenological transition points and phases show that the range
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between the +1 and —1 time lags corresponds to the duration of the maturity of vegetation.
Overall, there is a strong similarity between temporal patterns of NDVI and rainfall, showing
that the NDVI can be considered a sensitive indicator of the interannual variability of rainfall.
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1. Introduction

Vegetation is very sensitive to climatic fluctuations and has strong control over the flows of water,
carbon and energy between land and atmosphere. Climatic changes have taken an immense toll on
the environment of our planet and have become one of the most important issues within the global
change debate.

Remote sensing observations offer the opportunity to monitor, quantify and examine regional changes
in vegetation, in response to human actions and the climate. Vegetation influences the energy balance,
climate, hydrologic and biogeochemical cycles and can serve as a sensitive indicator of climatic
and anthropogenic influences on the environment [1]. Satellite-derived vegetation indices are being
integrated in interactive biosphere models as part of global climate modeling [2-5] and production
efficiency models [6,7]. The Normalized Difference Vegetation Index (NDVI) is a satellite-based
vegetation index, which is commonly used and based on the differential reflection of green vegetation
in the visible and infrared portions of the magnetic spectrum [8—12]. A large number of studies have
investigated the NDVI pattern over the world. Moulin et al. [8] carried out a description of vegetation
dynamics on a continental scale. Wang et al. [13] examined the spatial patterns of NDVI in response
to precipitation and temperature in the Central Great Plains. Liu et al. [14] have worked on land cover
classification in China. The classification of African ecosystems at a 1-km resolution using multiannual
Satellite Pour I’Observation de la Terre Vegetation (SPOT/VEGETATION) data and a hybrid clustering
approach has been carried out by Kaptué et al. [15]. Verhegghen et al. [16] have made a map of
Congo Basin forest types from 300-m and 1-km multi-sensor time series for carbon stocks and forest
area estimation.

For vegetation, higher NDVI values correspond to an increase in vegetation ‘“‘greenness” or
vigor, controlled by a combination of vegetation type, health, photosynthetic activity and canopy
density [17,18]. Through time series analysis, interpretation of NDVI data has been extended to indicate
land surface-climate interactions [19,20], landscape change [21,22], vegetation stress (e.g., drought) [23]
and phenology [18]. NDVI time series data can be reliable indicators of eco-climatologic variables, such
as temperature [18,24] and precipitation, although these relationships are explicitly regional in nature,
because of the sensitivity of vegetation to the climate.

Although several studies have investigated the interannual relationship between vegetation and
precipitation, only a few have examined this interaction on vegetation types in Central Africa.
Nicholson et al. [23] studied the case of East Africa and Sahel using the major bioclimatic ecoregions
(BCERSs) made by Olson et al. [25] and Camberlin et al. [26], exploring the response of photosynthetic
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activity to interannual rainfall variations in Africa. More work still has to be done to reinforce the
understanding of the interaction between both parameters. The BCERs are considered to be similar
regions from a climatic point of view and from ecological and spectral behavior.

Our work aims to explore the relationship between NDVI and rainfall by various vegetation types in
Central Africa. We have used the method of the Index of Segmentation of Fourier Components (ISFC)
made by Kaptué et al. [15] for the classification of African ecosystems to segment the vegetation of
Central Africa into four BCERs. After this, we standardized the values of NDVI and precipitation for
each BCER zone and studied the seasonal, intra- and inter-annual variation. Finally, the correlation
between both parameters, stratified by BCER, was computed.

2. Study Area and Data

The study area covers Central Africa, part of Sahel and West Africa, which extends between latitudes
15°S and 20°N and longitudes 0°E and 31°E. It contains many of the major BCERs of Africa [27]. The
Central and West Africa vegetation overview shows the latitudinal vegetation pattern, which extends
from subtropical desert to the equatorial forest, through savannah and Sahelian steppes (see [29]).
This bioclimatic variability relies on three essential factors: the nature of the physiological green land
characteristics; the paleoclimatic conditions; and the edaphic and climatic natural variability [28].

Data used in this study from both the Global Precipitation Climatology Project (GPCP) and NOAA
were from 1981 to 2001. The monthly mean NDVI dataset is calculated from the NOAA-AVHRR global
area coverage data, with 1° x 1° spatial resolution. NDVI is frequently, even “usually”, calculated from
any sensor data that has a red and near-infrared band. MSS (Multi-Spectral Scanner), of course, has not
been widely used since 1984, when it was, for most purposes, replaced in Landsat usage by the higher
resolution and quality TM (Thematic Mapper) and, later, ETM+ (Enhanced Thematic Mapper Plus) and
ALI (Advanced Land Imager) sensors. For a summary of the current radiometrics for Landsat MSS,
TM, ETM+ and ALI sensors, see [30]. Data used in this study were processed by the GIMMS (Global
Inventory Modeling and Mapping Studies) group at NASA’s Goddard Space Flight Center, as described
by [31,32].

The GPCP monthly precipitation analysis [33,34] is a globally complete, monthly estimate of surface
precipitation at 2.5° x 2.5° latitude-longitude resolution, which spans the period of 1979 to the present.
It is a merged, monthly analysis that employs precipitation estimates from multiple satellites. These
multi-satellite estimates are combined with rain-gauge analyses (over land) in a two-step process that
adjusts the satellite estimates to a large-scale bias of the gauges and then combines the adjusted satellite
and gauge fields with weighting by inverse error variance. The monthly product is typically produced
about two months after the end of the observation month.

The difference in reflectance at different wavelengths of the electromagnetic spectrum for vegetated
surfaces allows for the recognition of vegetation and vegetation character using satellite remote sensing.
Vegetation typically reflects relatively weakly in the wavelengths of the visible band (VIS) compared
to its strong reflectance in the near-infrared (NIR) wavelengths [17]. This property can be exploited to
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create an index that measures the difference between the reflectance of the two bands and that yields
information about the vegetated surface. The NDVI is generally calculated as the following [35]:
NIRreflectance — VIS reflectance

NDVI = NIRreflectance+V IS reflectance M

The satellite-based NDVT1 is influenced by a number of non-vegetation factors: atmospheric conditions
(e.g., clouds and atmospheric path-specific variables, aerosols, water vapor), satellite geometry and
calibration (view and solar angles), as well as soil backgrounds and crop canopy ([36-38]). The angle of
incidence of solar radiation also has a strong effect on vegetation indices (Pinter [39]). A cloud mask was
applied by using channel 5 (10-12 pum) and labeling everything colder than 12 °C as cloud. Daily values
were formed into monthly composite images by using the maximum NDVI for each pixel within the
compositing period, as described by Holben [36]. This minimizes the effect of atmosphere, scan angle
and cloud contamination. The definition of the NDVI as the ratio minimizes the influences of varying

solar zenith angles and surface topography on the dataset.
3. Method

3.1. Vegetation Partitioning

The method of the Index of Segmentation of Fourier Component (ISFC), made by Kaptué et al. [15]
for classification of African ecosystems, has been used in this study to classify our study area into four
BCERs.

The ISFC is a quantitative measurement based on Discrete Fourier Transformation (DFT) analysis of
NDVI datasets; it is an unsupervised, hierarchical classification. This segmentation was obtained using

Equations (2-4):
D—1

ISFC =7 W, fu, 2)

r=0
where W, is the weighted coefficient, relative to an r*" Fourier component over its total power [40]:

2
T ®
ZT‘:U *2,1”

The constants, f, ,(t), are determined from the developed Fourier transformation on the NDVTI:

D
NDVI*(d) =) fur(t)cos (%) (4)
r=0 r

where A is the sample interval in daily units, f, , refers to amplitude and ¢, to phase.

The Fourier decomposition separates the temporal data into discrete waves, each with a characteristic
time period and amplitude. In regions like Africa, where maximum greenness varies from place to
place and the length of the growing season also varies, the coefficients derived from these equations can
separate BCER efficiently. The usefulness of the DFT to study the phenological cycles of vegetation
has been demonstrated by authors, such as Andres et al. [41], Azzali and Menenti [42], Immerzeel
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and Quiroz [43] and Moody and Johnson [44]. The criteria for defining BCER ISFC were set
by Kaptué et al. [15].

Generally speaking, seasonal climatic changes drive four successive phases of vegetation phenology
in a cycle: green-up, maturity, senescence and dormancy [45]. These periods can be defined by the date
of onset of vegetation growth, the subsequent date of growth end, resulting in maturity, the date of onset

of senescence and the date of onset of full dormancy.

3.2. Formatting GPCP and NDVI Data

Both datasets, NDVI and the precipitation GPCP, after being extracted for each BCER, have been
standardized, so as to compare them on a common scale. Standardization of the data was performed

using the following equation: -
X, — X
Std(X) = 5)

OXx

where X represents the value of NDVI or precipitation and X and o, the mean value and standard
deviation of the parameter on the observation period.

To have a common grid with NDVI and GPCP data, we used the standard methods based on kriging
interpolation proposed by a toolbox of Matlab (version 2010).

4. Result and Discussion

4.1. Spatial NDVI Pattern

The four main BCERs over Central Africa are shown in Figure 1. The mean annual satellite NDVI
from 1982 to 2000 was integrated, applying the unsupervised classification method (ISFC).

Figure 1. Supervised classification, with 1° x 1° spatial resolution, of four bioclimatic

ecoregions in the area of Central Africa.
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The Central Africa NDVI spatial pattern is as expected, whereas BCER zone 1 displays the steppe
vegetation type, situated between latitudes 15°N and 20°N and longitudes 0° and 31°E. BCER zone 2
shows brush-grass savannah, which extends between latitudes 10°N and 15°N and longitudes 0°E and
31°E. BCER zone 3 is humid tropical forest between latitudes 15°S and 10°N and longitudes 0°N and
31°N and corresponds to deciduous forest-woodland. Finally, BCER zone 4 illustrates the tropical rain
forest, which is located between latitudes 7°S and 7°N and longitudes 13°E and 29°E.

4.2. Interannual Variability

Once the BCERs have been selected, the relationship between NDVI and rainfall was investigated,
by studying the interannual variability of NDVI and rainfall for each BCER zone during the 1982-2000
period. The result is illustrated in Figure 2 and shows the temporal plots for the four BCER.

Figure 2. Interannual variability of monthly averages of Normalized Difference Vegetation
Index (NDVI) (blue solid line) and precipitation (red solid line) for the 1982—2000 period
over each vegetation type. (a) Zone 1, (b) zone 2, (¢) zone 3 and (d) zone 4.
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Figure 2. Cont.
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The graph on the top of Figure 2 presents this for BCER zone 1, which represents a semi-arid climate
with step, here, we observe a unimodal annual pattern for both NDVI and rainfall distribution. The
two parameters cycle oppositely: NDVI increases, while rainfall decreases, and at maximum NDVI,
minimum rainfall occurs at the same time. The time gap between the consecutive maxima of NDVI and
rainfall is round four to six months.

It is important to note that the gap observed on the NDVI plot from September through December,
1994, is related to the missing data over these months. No data were recorded during this time. The
magnitude of NDVI fluctuates slightly even when rainfall shows much greater variability. This amplitude
is about three for NDVI and four for the rainfall.

BCER zone 2, characterized by a dry sub-humid climate, savannah and brush-grass savanna, also
shows a unimodal annual cycle for rainfall and NDVI. Both variables demonstrate a very similar trend
with a one month time gap in the response of the NDVI to rainfall. In addition, the amplitude of NDVI
and rainfall are very close, being about 2.75 and three, respectively. NDVI reaches its maximum at
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about two, and its minimum value falls below —0.75, while maximum rainfall is attained at 2.5 and the
minimum, around —0.7.

The NDVI and rainfall distribution of the deciduous forest-woodland (BCER zone 3) defined by moist
sub-humid climate resemble closely those of the tropical forest (BCER zone 4), more particularly in the
NDVI pattern. Both BCER zones have bimodal annual cycles for both NDVI and rainfall. The NDVI
and rainfall trends look very similar. These are generally characterized with high NDVI values. The
magnitude of NDVI and rainfall are lower in the deciduous forest-woodland than in the humid tropical
forest. That of NDVI is a little higher than that of the rainfall by 1.6 and below one, respectively, in the
deciduous forest-woodland. However, in the humid tropical forest, this amplitude is almost identical to
that of the NDVI and stands around three. The response time of the NDVI to rainfall varies from one to
three months in the two BCERs.

The close resemblance in NDVI and rainfall pattern (in trend and amplitude) in
bushland-grass/savannah BCER zones might reveal a close relationship between vegetation and
rainfall. Throughout, NDVI shows a clear response to the cycle of rainfall, except in the semi-arid
BCER zone, where there is a temporal opposition between NDVI and rainfall. The close similarity
between deciduous forest-woodland and humid tropical forest in NDVI pattern could be related to some
explanations. Firstly, the deciduous woodland-forest BCER zone is likely similar to the forest BCER
zone, with almost the same type of trees. Secondly, the signature of the NDVI for both BCER zones is
similar. The two BCER zones only differ in the amplitude of NDVI. The amplitude of NDVI is much

lower in the deciduous woodland-forest.

4.3. Intra-Annual and Seasonal Variability

Figure 3 displays the intra-annual variability of the yearly averages of NDVI and rainfall for the
19-year period (1982-2000) over four Central African BCERs. As has already been analyzed for
interannual variability, the NDVI and rainfall intra-annual variability presents a unimodal seasonal cycle
in bushland/thicket (BCER zone 1) and bushland-grass/savannah (BCER zone 2) and a bimodal seasonal
cycle in deciduous woodland-forest (BCER zone 3) and humid tropical forest (BCER zone 4). In the first
two BCER zones (zone 1 and 2), the distribution of NDVI and rainfall is almost constant from October
through May. This characterizes the long dry season in both BCER zones, where the photosynthetic
activity of plants is low. There is a noticeable fluctuation from June to September, defining the short
rainy season in these BCER zones. NDVI responds well to the high variation of rainfall during the JJAS
(June, July, August, September) season in the bushland-grass/savannah and shows an opposition to the
rainfall in bushland/thicket. Thus, it is interesting to study the JJAS variability for BCER zones 1 and 2.

Figure 4 shows the JJAS seasonal variability of monthly averages of NDVI and rainfall for the
1982-2000 period over BCER zones 1 and 2. NDVI delivers a very good response to rainfall for the
JJAS seasonal variability in BCER zone 2, where the trend and the magnitude are almost identical. In
contrast, there is an abnormality in BCER zone 1, where an opposition in trend or in shape between
NDVI and rainfall is observed, except in the years 1982, 1994, 1998 and 1999, where NDVI peaks

correspond to those of rainfall.
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Intra-annual variability of yearly averages of NDVI (blue solid line) and

Figure 3.

precipitation (red solid line) within the 1982-2000 period over each vegetation type.

(a) Zone 1, (b) zone 2, (¢) zone 3 and (d) zone 4.
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Figure 4. JJAS (June, July, August, September) seasonal variability of the monthly averages
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Figure 5 presents the MAMIJ (March, April, May, June) and ASON (August, September, October,
November) seasonal variability of the monthly averages of NDVI and precipitation for the 1982-2000
period over BCER zones 3 and 4. On the two last graphs of Figure 5, two mean peaks occur around the
seasons, MAMIJ and ASON, in the deciduous forest-woodland and tropical forest. This illustrates the
two rainy seasons (the short and the long), which are characterized by high variation of precipitation and
then intense photosynthetic activity. It therefore is useful to analyze the NDVI and rainfall year-to-year
change of MAMJ and ASON seasons over BCER zones 3 and 4.

Figure 5. MAMJ (March, April, May, June) (a,b) and ASON (August, September, October,
November) (c,d) seasonal variability of monthly averages of NDVI (blue solid line) and
precipitation (red solid line) for the 1982-2000 period over bioclimatic ecoregion zones
3 (a,c) and 4 (b,d).
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Figure 5. Cont.
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NDVI presents a clear response to rainfall, either in the MAM]J season or the ASON season, for BCER
zones 3 and 4. However, this response is more pronounced in the ASON season. One reason would be
that rainfall is higher and more regular throughout this season. On the other hand, the NDVT and rainfall
magnitude are slightly greater in the MAM]J season. The maximum values are nearly constant, and the
distribution is concentrated around the mean value for the ASON season.

Vegetation responds to rainfall is more evident in seasonal variability than in the interannual
variability, and the response for the ASON season is much better than the MAMIJ season in BCER
zones 3 and 4.

The results show that these BCER zones differ noticeably in their response to rainfall variability.
Overall, NDVI demonstrates a clear response to rainfall. In bushland/thicket (BCER zone 1), the NDVI
distribution pattern presents an opposite trend to the rainfall. The structure of the season in zone 1
rain seems to be the major cause of differences between semi-arid regions in the seasonal cycles of the
photosynthetic activity of the vegetation. In particular, this determines the effectiveness of the use of

rainfall by vegetation. A season of short and intense rainfall as observed in zone 1 is less favorable to
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the strong development of vegetation (Martiny et al. [46]). The bushland-grass/savannah illustrates the
most important result of our work. There is a very good and immediate response of NDVI to the rainfall
variability. This response is demonstrated in the similarity in magnitude and shape of the two parameters,
which are very close. Each NDVI peak clearly corresponds to rainfall cycle. There is therefore a strong
relationship between NDVI and precipitation in bushland-grass/savannah.

4.4. Correlation between Monthly NDVI and Precipitation

The linear correlation between monthly NDVI and rainfall was computed for each BCER. It was
evaluated for concurrent monthly NDVI and rainfall data and for different time lags, minus one, two
and three months of monthly averages of NDVI with rainfall. Through the values of coefficients of
correlation in Table 1, we show that the highest correlation is with a one month time lag of NDVI to
rainfall, except in semi-desert/steppe and tropical forest. In semi-desert/steppe, the highest correlation is
obtained with concurrent months, while in the tropical forest, it is with a three-month time lag.

Table 1. Correlation between monthly NDVI and rainfall in various intervals for four
bioclimatic ecoregion (BCER) zones. The parameter, nc, is the number of correlation pairs.
Columns, from 3 to 7, illustrate the correlation of NDVI with rainfall in the concurrent
month (0), one month earlier (—1), the previous month (1); the two previous months (2); and
the three previous months (3).

N . Time Lag
Bioclimatic Ecoregions nc
(=1 0 1) (2) 3)
semi-desert and steppe 224 0.2725 0.4030 0.2560 0.1672 0.0210
brush-grass savannah 224 0.9016 0.6514 0.9022 0.7532 0.4363
deciduous forest-woodland 224 0.4327 0.0860 0.4169 0.2965 0.1107
tropical forest 224 0.4402 0.4050 0.4387 0.0058 0.4686

The brush-grass savannah is by far the best correlation in all the time lags of NDVI to rainfall,
consistent with interannual and seasonal variability analysis. This result shows, therefore, a very strong
linear relationship between NDVI and rainfall in the brush-grass savannah, in particular with a one-month
time lag, which is related to fact that vegetation does not respond immediately to precipitation, but rather,
to the soil moisture, which is the sum of several monthly precipitation events [47]. The phenological
transition points and phases (see [45]) showed that the range between +1 and —1 time lags corresponds
to the duration of the maturity of the vegetation.

5. Conclusions

This study analyzes the relationship between NDVI and rainfall for each BCER zone in Central
Africa. The interannual variability shows a similarity between vegetation and rainfall in the brush-grass
savannah, deciduous forest-woodland and tropical forest. This resemblance is much more pronounced
in brush-grass savannah, where vegetation delivers a very close response to rainfall. The analysis of
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seasonal variability also shows resemblance to interannual variability. However, the NDVI and rainfall
patterns are much more close in the ASON than in the MAM]J season.

The highest correlation is obtained with a one-month time lag of NDVI to rainfall, except in
semi-desert/steppe and tropical forest. In semi-desert/steppe, the highest correlation is obtained with
concurrent months, while in the tropical forest, it is with a three-month time lag.

The brush-grass savannah is by far the best correlated in all the time lags of NDVI to rainfall,
consistent with interannual and seasonal variability analysis.

This result shows, therefore, a very strong linear relationship between NDVI and rainfall in the

brush-grass savannah, in particular with a one-month time lag.
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