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Abstract

:

Predicting the future climate and its impacts on the global environment is model based, presenting a level of uncertainty. Alternative robust approaches of analyzing high volume climate data to reveal underlying regional and local trends are increasingly incorporating satellite data. This study uses a centered log-ratio (clr) transformation approach and robust principal component analysis (PCA), on a long-term Normalized Difference Vegetation Index (NDVI) dataset to test its applicability in analyzing large multi-temporal data, and potential to recognize important trends and patterns in regional climate. Twenty five years of NDVI data derived by Global Inventory Modeling and Mapping Studies (GIMMS) from 1982 to 2006 were extracted for 88 subwatersheds in central Kenya and statistically analyzed. Untransformed (raw) and clr transformed NDVI data were evaluated using robust PCA. The robust PCA compositional biplots of the clr transformed long-term NDVI data demonstrated the finest spatial-temporal display of observations identifying climate related events that impacted vegetation activity and observed variations in greenness. The responses were interpreted as normal conditions, El Niño Southern Oscillation (ENSO) events of El Niño and La Niña, and drought events known to influence the moisture level and precipitation patterns (high, low, normal) and therefore the level of vegetation greenness (NDVI value). More drought events (4) were observed between 1990 and 2006, a finding corroborated by several authors and linked to increasing climate variability. Results are remarkable, emphasizing the need for appropriate data transformation prior to PCA, dealing with huge complex datasets, to enhance pattern recognition and meaningful interpretation of results. Through improved analysis of past data, uncertainty is decreased in modeling future trends.
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1. Introduction


Global, regional and local scale studies of vegetation dynamics widely utilize synoptic satellite data since it provides the fine spatial and temporal details necessary to understand plant phenological activities. Even so, obtaining, processing and analyzing remote sensing data can be a challenge for non-remote sensing specialists and amateurs due to complexity of computer based algorithms and mathematical treatment involved [1]. In the early 1990s, simpler techniques for exploring data in a spatial context were often ignored in favor of elegant formal modeling [2], and even today, this perception still persists among the pure model developers. Complex computer based algorithms can limit data exploration and application by the wider group of interested researchers. The long-term data provided by long mission satellites e.g., the Landsat series, National Oceanic and Atmospheric Administration (NOAA)—Advanced Very High Resolution Radiometer (AVHRR) series has wide-ranging applications across disciplines, and primarily modeling of earth systems processes and their interaction.



To meet the challenge, research teams such as the group responsible for processing and provision of NOAA Global Inventory Modeling and Mapping Studies (GIMMS) 1982–2006 [3] provide global long-term data in different formats e.g., tagged image files (.tif) that are easier to use and compatible with a wide range of geographical information systems and spatial data processing software (ArcGIS, Erdas Imagine, GRASS GIS, etc.). This software provide user friendly interface, reducing the level of difficulty in processing digital image data, thereby supporting a broader scientific research interest.



Despite this advancement, the choice of statistical methodology, and the intuitive interpretation of the results require skill and expertise that is often accumulated over years. Multivariate statistical analysis such as principal component analysis (PCA) has a broad application in analysis of complex datasets derived from remote sensing images. PCA often involve transformation of multispectral bands such that the new bands (also called components) are uncorrelated [4], and capture the essential information from the huge dataset. These are ordered in terms of the amount of image variation they explain [5]. Furthermore, the high volume and dimensionality of remote sensing data particularly the hyperspectral images present a challenge to researchers [6], and as a result, computational methods that reduce the processing burden, such as PCA, become very useful [7].



Of particular interest to this work is the Normalized Difference Vegetation index (NDVI) data, commonly used as an indicator of vegetation greenness, health and vigor [8,9,10]. The sun’s electromagnetic energy arriving on plant surface is absorbed/transmitted or reflected. Plants utilize the visible energy in photosynthesis; however, radiation emanating from the near infrared energy is mainly reflected by the internal cell arrangement of the leaves. These two types of energy have provided a breakthrough in terrestrial research focused on vegetation dynamics and health including drought, stress indication, carbon output, climate modeling, and disease response [11]. NDVI highly correlates with such parameters as green leaf biomass, the density of chlorophyll contained in plants [9] and leaf area index (LAI), all which are parameters that gauge vegetation activity and health [12]. Though NDVI has limitations and challenges, e.g., in presence of scattered vegetation canopy, great amount of background spectral response can be picked by the radiometers, leading to spurious ratio; presence of aerosols and particulate matter in the atmosphere( requiring rigorous data cleaning before use), saturating way before maximum leaf or plant biomass is obtained (providing nonlinear relationship with leaf area, plant cover), these challenges still remain relatively negligible as compared to its usefulness. NDVI is presented as the ratio of the difference between near-infrared reflectance and red visible reflectance to their sum. The vegetated surfaces take relative values between 0.1 and 0.7 [13] while non-vegetated surfaces have values close to zero. Such ratio values constrained to unity are described by [14,15] as closed values or compositional data values, and discussed at length [16,17]. Other examples of such datasets include geochemical data expressed in part per million (ppm), milligram per liter (mg/L) or proportions expressed as percentages (%).



To effectively undertake PCA of such closed data, log-ratio transformation is highly recommended which “opens” or un-constrains the data [16,18] to reveal underlying/inherent patterns in the data structure in a more vivid manner providing straight forward interpretation. Following principal component analysis (robust), the resulting compositional biplots are considered a standard tool to present multivariate data in a planar view, providing a deeper investigation of the data structure. The arrangement and display of rays (loadings) is based on the overall correlation matrix [19]. In the study, compositional biplots were used to explore the long-term vegetation condition and the spatio-temporal relationship with the regional climate variability in central Kenya. Compared to bivariate scatterplots, PCA biplots provide an overall planar view of the multivariate relationships of observations.



In this study, 88 sub-watersheds in central Kenya are used to demonstrate effectiveness and the importance of centered log-ratio transformation (clr) over untransformed (raw) data in principal component analysis (PCA), a broadly accepted multivariate approach. Changes in climate impact long term rainfall patterns, and seasonal variations [20,21,22,23,24,25], which directly impact vegetation growth and vigor. The arid and semi-arid lands (ASALs) in Africa are considered most vulnerable to climate variability due to its impact on primary productivity and fiber production that supports wildlife, pastoral livestock, agricultural yield, etc. Studies indicate that a decline in water and pasture resources in the arid and semi-arid regions of Kenya relates to recurrent and prolonged droughts [26], and also influences vegetation growth. Lines of evidence indicate that increased climate variability will likely impact the length of crop growing period over East Africa causing decline by 5%–20% by 2020 and over 20% by 2050 [27,20]. This will not only impact agricultural production [28] but also induce changes in vegetation dynamics and reduced total plant biomass, causing loss of fiber for livestock and wildlife. Methods that augment data analysis and by a wider group of researchers, while providing meaningful results regionally and locally are desirable in designing acceptable mitigation and adaption mechanisms at the community level.



Sub-watersheds within central Kenya are highly productive agrizones, which attract increased population growth and land fragmentation into small parcels per household (~2 ha). This exerts pressure on the natural resource base creating environmental changes with profound implication owing to increased land-use and land-cover transformations to suit the needs of the expanding communities i.e., residential, commercial. A recent study [29] indicates that population dynamics play an important role in examining vulnerability to climate change in the region and therefore demographic data needs to be included in designing mitigative and adaptive approaches to counter variability in climate change. Intensive large-scale commercial horticulture practices in central Kenya [30,31], presents a growing challenge to sustainable resource use and management. While agriculture intensification is widely viewed as a better option to enhance food security and reduce malnutrition in sub-Saharan nations [32,33], research on the impacts of intensive activities on watershed resources is still developing, and reveals negative environmental impacts. The mono-crop systems used by large-scale commercial horticulture farms may place such systems at high vulnerability to climate change; however, unlike small-scale farmers who have limited technology, little access to extension services, and market disadvantages [34]; large-scale farms may have resources to cope with increased changes. The described issues identify the region as a perfect case study.



The study demonstrates the necessity of (i) closed data transformation in pattern recognition and interpration of long-term Normalized Difference Vegetation Index (NDVI) dataset (ii) compositional PCA biplots in explaining underlying variability in regional vegetation greenness, comparing the clr tranformed and untransformed data.




2. Methods and Data


2.1. Study Area


The study area covered 88 sub-watersheds in the central highland of Kenya, confined within: 34°55′51.88″E, 0°55′10.51″N (upper-left); 38°07′09.91″E, 2°23′03.73″S (lower-right) and an area of 81,607.26 km2 (Figure 1). These were chosen because of the pronounced variability in climate, vegetation, and rainfall and therefore demonstrate the spatio-temporal variations in phenological response to changing climate and environmental variables. The area has six diverse agro-ecological zones with varying physical environment of an almost equatorial type of climate in upper-lands and semi-arid and arid environments in the lowlands [35]. The upper-lands occur in the upper northwest region of the study area and are generally humid to sub humid, often presenting thick forest vegetation (Kakamega forest—See Figure 1). The lowlands show strong gradients in terms of average rainfall, temperature, and vegetation characteristics. There is high variability in rainfall within the study area, which occurs in two seasons, April–May (long rains) and October–November (short rains). Around the Aberdare ranges (Figure 1) the average annual rainfall is about 1350 mm/year. However, this reduces substantially to ~600 mm/year near Lake Naivasha. Another interesting feature to the east of the area is Mt. Kenya which stands at 5199 m above sea level. The mountain causes a strong shadow effect that highly influences climate conditions of the adjoining plateau land to more of a semi-arid to arid region, with rainfall of ~450 to 750 mm/year [36]. Due to low average annual rainfall, vegetation to the eastern and southern (760 mm/year) regions is dominated by woody vegetation of Acacia and Themeda grass cover that mainly occur in savanna environments.



2.1.1. Satellite Data


Global Inventory Modeling and Mapping Studies (GIMMS) NDVI data extracted from AVHRR (1982–2006) for 88 sub-watershed in central Kenya was used. Long-term time series data are essential in detection of vegetation trends [37]. The data provides biweekly maximum value composited NDVI data with an 8-km spatial resolution from 1982 to 2006 [3] and was recently extended to 2010. Healthy green vegetation has the high NDVI values (>0.7 for forests; 0.3–0.4 for grasslands) while surfaces without vegetation, such as bare soil, water, snow, ice or clouds typically have low NDVI values near zero. The long-term standardized data are derived from NOAA AVHRR imagery using the NOAA satellite series 7, 9, 11, 12, and 16. This version of the GIMMS NDVI dataset is corrected through a series of processing steps to alleviate known limitations of the AVHRR measurements induced by inter-sensor calibration differences, orbital drift, cloud cover, solar zenith and viewing angles differences, volcanic eruptions, and other atmospheric contaminations [38]. The excellent spatial coverage and relatively long-term observations by this NDVI dataset enable trend analyses. Work by [37] shows that the GIMMS data is most accurate AVHRR-NDVI dataset for assessing vegetation variability and trends. Earlier versions of the NDVI dataset have been widely used in detecting vegetation growth change [39].
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Figure 1. Study area showing the geographical location of the sub-watersheds (within the five main basins in Kenya) and important physical features in central Kenya. Other features include; the equator that crosses the country at 0°0′00″, and the Indian Ocean coastline. 
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2.1.2. Sub-Watershed Data


The sub-watershed data layer used in the study was created by the World Research Institute (WRI) from the 1992 Kenya National Water Master Plan, and is publically available [40]. Each sub watershed is assigned a unique code composed of a number and two letters, e.g., 5AB. The number represents one of the five river basins in Kenya, i.e., Lake Victoria (1); Rift valley and inland lakes (2); Athi River and coast (3); Tana River (4) and Ewaso Ng’iro (5) in which the sub-watershed resides. The first letter (in this case A) represents the sub catchment, while the second letter (in this case B) represents the major river branch in the particular sub-catchment. Given that a sub catchment may have several major river branches, the second letters may continue gradually to as many as there are major river branches in the sub-catchment, for instance, 5AA, 5AB, 5AC, 5AD, 4BA, 4BB, etc.





2.2. Data Analysis


2.2.1. Data Preparation—NDVI Data Extraction


Maximum value composite NDVI (which is a maximum daily NDVI value during the 15-day period) minimizes atmospheric effects and cloud contamination effects. Monthly biweekly images were processed for the period of study (25 years) and for all the 88 sub-watersheds. The maximum NDVI values of the first 15 days of each month were utilized in generating monthly data. The monthly values were then aggregated to determine the annual mean value. To reduce the impact of bare and sparsely vegetated pixels on the NDVI trend, all pixels in sub-watershed (masks) were used in zonal statistics to derive a single maximum NDVI for the first 15 days. The above steps were carried out using the zonal statistics tool in ArcGIS 10.1. In total, 25 years of bi-monthly maximum value composite data for 88 sub-watersheds were processed resulting to 600 image subsets for the 88 study units.




2.2.2. Centered Log-Ratio (clr) Transformation and Robust Principal Component Analysis (PCA)


Essentially, composition data are measures of proportions, percentages, parts per million, etc., which sums up to a constant value—also referenced as closed data [14,15]. Such data is constrained [19] and require a transformation to remove the constraint, thereby making it usable in context of standard statistical approaches of principal component analysis (PCA). A transformation-based methodology to deal with such data was proposed in the early 1980s [14], largely due to the recognition that compositions provided information only about the relative magnitudes of their components, and hence a need for data analysis focused on the ratios between components [41]. Two main transformations are commonly used today; the additive log-ratio transformation and the centered log-ratio. Given that the NDVI data is presented as the ratio of the difference between near-infrared (NIR) reflectance and red (R) visible reflectance to their sum [42], it was considered closed data suitable for clr transformation. The magnitude of NDVI values i.e., 0 to 1, provide an indication of vegetation condition (low to high, implying non vegetative grounds to dense green vegetation).



The current study utilized the centered log-ratio transformation, mathematically expressed as:


clr(x) = (log(x1/g(x)), …, log(xD/g(x)))



(1)




where x represents the composition vector, g(x) is the geometric mean of the composition x, and xD is Euclidean distances between the individual NDVI variables. The clr transformation was carried out using CoDaPack, a freely available and easy to use, Excel based software for compositional data transformation [43]. However, there are other numerous, more specialized packages utilized in compositional data analysis. For instance; robCompositions, which compute robust estimation for compositional data [44], the isometric logratio (ilr) [18], and Compos Analysis, which is an Add-On of the centered MANOVA analysis [45,46]. Following the centered log-ratio transformation, the results were presented as a clr plot, a graphic showing NDVI variables for the sub-watersheds in three dimensions.



The use of centered log-ratio transformation approach on the long term NDVI dataset, besides the regular PCA on untransformed NDVI values, is unique. It tests the algorithms applicability in analyzing large multi-temporal data datasets, and if it can recognize trends and patterns in regional climate events.



PCA (robust) of un-transformed (raw) data was carried out on the derived NDVI data. Principal component analysis (PCA) using the robust option was carried out in JMP software, generating the principal components (PCs) and compositional biplots (load and scores).






3. Results and Discussion


The results demonstrate a pronounced contrast in the arrangement and display of variables between the untransformed and the centered logratio (clr) transformed NDVI data as shown in Figure 2 and Figure 3. The compositional biplots, i.e., the loading plots and score plots in Figure 2B and 3B, of the clr transformed data, express reasonable and substantial information on interannual variability in vegetation condition in the sub-watersheds. The variability in annual NDVI in the subwatersheds for the last 25 years is explained by 2 principal components (PCs) in both scenarios (56.3% and 50% respectively). The untransformed data exhibits a slightly higher variability (Figure 2A~56.3%) but very little temporal information is obtained regarding similarities or differences in vegetation condition in sub-watersheds. The untransformed data exhibits a behavior commonly referred to as closure [14,19], and is shown to often influence compositional data regardless of the number of elements used and/or their magnitude, and therefore the need for data transformation before a PCA analysis [16].



From the PCA (robust) results of the clr transformed data (Figure 2B and Figure 3B), the longterm observations of inter-annual NDVI (1982–2006) are reduced to two PCs, that explain 50% of variability in vegetation greenness. The observations are evidently separated into four main events, as that is easier to visualize. Moreover, years with similar vegetation responses tend to deviate from normal conditions and appear as tighter clusters in separate quadrants (composition space). These events primarily represent climate linked processes of ENSO (El Niño and La Niña) that are known to impact the East Africa rainfall and vegetation dynamics.



Generally, the results resonate with a broad literature indicating the connection between vegetation greenness and rainfall patterns in East Africa with the coupled ocean—Atmosphere phenomena of El Ni˜no Southern Oscillation (ENSO) and the Indian Ocean Dipole [47,48]. ENSO forcing is widely linked to atypical rainfall patterns [49] causing higher than normal photosynthetic activity across East and southern Africa [50]. Until recently the role of the Indian Ocean Dipole in driving photosynthetic anomalies was generally uncertain. Emerging studies [47,51] indicate a strong coupled forcing of both climate-Atmosphere-Ocean processes that are highly connected to unusual rainfall and anomalies in vegetation greenness in East Africa.



3.1. Drought Events Impacting Vegetation Condition


The years 1984 (3), 1993 (12), 2000 (19), 2005 (24) and 2006 (25) were clustered in the upper right quadrant (Figure 2B). These were identified as drought events that occurred in the region during the 25 years of study and were confirmed by a broad array of literature [49,50,52,53,54,55] among many other studies. Drought limits the amount of soil moisture available for plants, limiting net photosynthesis [56]. Drought impact on vegetation is highly dependent on soil type, vegetation type, temperature, intensity, duration, and the overall health and vigor of the vegetation cover prior to the drought, etc. Though plants store food reserves in the event of droughts, in extreme drought condition, the stored food reserves may not suffice and this increases plant’s susceptibility to damage during prolonged droughts. Moreover, reduced aboveground photosynthetic biomass (green leaves, green stems, and shoots) limits chlorophyll production causing decline in vegetation and overall greenness and therefore a low NDVI. Plants with healthy root networks and sufficient carbohydrate reserves fare much better in the event of, and even after drought compared to the resource limited plants [57].
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Figure 2. Score plots of (A) untransformed (raw) NDVI data, (B) centered log-ratio (clr) transformed NDVI data. The numbers represent years chronologically starting from 1982 (1) to 2006 (25). Similar color scheme represent like events/phenomenon that occurred in the particular year. 
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These provide plausible explanation to the observed spatial arrangement of rays in Figure 3B, Figure 4. Distinct spatial clustering of longer rays (high variability) was observed in the upper right quadrant with sub-watersheds (1s) which are essentially thick canopy forest of the Kakamega forest, a few sub-watersheds surrounding Mt. Kenya forests, and the Aberdare ranges in central Kenya (see Figure 1 of study area). Generally, the spatial variability of vegetation activity across the study area is not homogeneous, a characteristic that could be linked to differences in ecosystems and the types of vegetation they support e.g., grasslands, wooded savanna, agriculture among other uses and therefore the distinct arrangement of rays (Figure 3B and Figure 4) in the compositional space.



Studies show that the 2005–2006 drought, like other previous droughts, severely impacted pastoral communities and farming, while the rate of malnutrition increased sharply particularly in the north-east Kenya [54]. Lack of grazing pastures leads to the death of thousands of livestock among the pastoral communities [58]. Droughts are becoming more frequent, allowing less time for recovery in between droughts, and increasing the vulnerability of local populations. Based on this study, four droughts occurred in the period between 1990 and 2006.
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Figure 3. Loading plots of (A) untransformed data—Raw; (B) centered log-ratio (clr) transformed annual NDVI data. In the untransformed data, the rays representing the 88 sub-watersheds are clustered towards one direction. After transformation, substantial spread of rays in all directions was attained, and with smaller clusters of sub-watersheds showing varied response to changes in vegetation greenness. Longer and closely packed rays in upper right (UR) quadrant indicate a remarkable variation and correlation in NDVI by sub-watersheds within the Lake Victoria Basin (1s). 
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3.2. El Niño Southern Oscillation (ENSO)


The El Niño Southern Oscillation (ENSO)—which includes both El Niño and La Niña events—is the coupled large-scale ocean-atmosphere process involving changes in sea-surface temperature (SSTs) across the central and eastern tropical Pacific. However, for the East African region, recent studies show that on timescales beyond the decadal, the Indian Ocean drives East African rainfall variability by altering the local Walker circulation, whereas the influence of the Pacific Ocean is minimal [47]. These processes impact weather patterns, causing changes in rainfall frequency and intensity, which impact vegetation growth characteristics [59,60].



3.2.1. El Niño—Extremely High Rainfall Events


The lower left quadrant (Figure 2B) illustrate a cluster of four years i.e., 1985(4), 1995(14), 1998(17) and 2003(22), which represent years that had unusual heavy rainfall caused by El Niño. Generally, heavy rainfall promote higher than normal above ground primary productivity [61] leading to high NDVI values. Studies indicate that wet conditions in the coastal East Africa are closely linked to cool sea surface temperatures (SSTs) in the eastern Indian Ocean and warm sea surface temperatures (SSTs) in the western Indian Ocean, atmospheric processes that cause ascending atmospheric circulation over East Africa and enhanced rainfall [47].
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Figure 4. A radar plot illustration detailing the distribution of the sub-watersheds within the main five basins, and within the loading plot quadrants (Figure 3B). Sub-watersheds within the Lake Victoria Basin (1s) were common in the upper (UR) quadrant. Sub-watersheds in lower right (LR) quadrant were predominantly from Rift valley and inland lakes basin (2s); sub-watersheds in upper left (UL) quadrants were primarily from Tana River basin (4s) and few from Athi River and coast basin (3s); sub-watersheds in lower left (LL) quadrant were mainly from Ewaso Ng’iro (5s), and few others from Rift valley and inland lakes basin (2s). 
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3.2.2. La Niña Events—Cool Processes


In Figure 2B, the lower right quadrant indicate an obvious separation of the years 1988 (7), 1992 (11), 1997 (16), 1999 (18) and 2004 (23), interpreted as atypical events coinciding with La Niña events in East Africa region. Recent research shows that the Pacific Ocean has minimal influence on the ENSO pattern in East Africa, and that during La Niña events, the cold sea surface temperatures in the western Indian Ocean and warmer in the East Indian Ocean is what causes drought in the East Africa region. La Niña events cause poor short rains in East Africa, which are typically in the months of October–December [62,63]. Reduced moisture level limit plants physiological processes, leading to reduced leaf biomass and overall plant vigor. From the study, it appears that this type of response comes right before the drought period. It is plausible to think that during La Niña years, plants utilize most of stored reserves to promote growth; however, this is short-lived when rains fail leading to decline in vegetation and therefore low NDVI.



Other explanation supporting the observed separation of La Niña years from El Niño and drought events based on vegetation index is elaborated in [50]. They indicate that transition from El Niño to La Niña event influence vegetation dynamic in East Africa during the 1997–1998 El Niño events. Above normal greenness and patterns of above normal rainfall were observed over East Africa, which reversed the decline in rainfall patterns and decline in vegetation greenness during La Niña. While their study used satellite images from 1998 to 2006, this study examines a longer record of data, defined regionally by sub-watersheds, and the findings are in agreement.



Besides vegetation characteristics, ENSO cycles have also important consequences for agriculture (whose yield thrives in high rainfall), livestock farming (enough pasture, fiber and thus increased reproduction), flooding, and also disease prevalence (occurrence of Malaria, Rift Valley Fever—1997/1998) in the arid and semi-arid areas of the country.





3.3. Normal/Neutral Conditions


Results in the upper left quadrant represent years where normal climate conditions prevailed, with no unusual events that may have impacted normal vegetation growth. They are generally referred to as “normal” years, where vegetation undergoes normal phenological processes/activity. The study region supports different plant ecosystems, among them the savanna ecosystems which responds rapidly to changing precipitation patterns and moisture levels.





4. Conclusions


The study demonstrates that robust principal component analysis of centered log-ratio transformed NDVI data provides meaningful and interpretable findings related to long-term climate processes influencing vegetation greenness in central Kenya unlike the un-transformed data.



Spatial and temporal isolation of tighter clusters of observations illustrated by the compositional biplots of clr transformed data allowed a straight forward explanation. Based on the finding, four main climate-related processes i.e., normal/neutral years, drought events, ENSO (El Niño and La Niña events) affect vegetation dynamics in the study area, a conclusion commonly agreed upon as influencing rainfall patterns and vegetation activity in east Africa. The almost perfect match of events to known climatic condition the region is remarkable, further emphasizing the need for suitable data transformation before PCA.



Between 1982 and 2006, five drought events occurred in the study area, an observation that many scientists believe is primarily connected to increasing long-term climate variability and influenced by anthropogenic activities e.g., deforestation and land degradation, greenhouse gas emissions, etc. The findings are important primarily because the region is an important socio-economic engine in terms of agricultural productivity, pastoral herding, resource availability, etc., which could be vulnerable to increased atypical events.
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