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Abstract  

 
Normalized Difference Vegetation Index (NDVI) is the most popular vegetation index used to address the 

challenges of multi-spectral imagery, such as the evaluation of vegetation. The data (11 Landsat 5 TM, 49 Landsat 

7 ETM+, 27 Landsat 8 OLI-TIRS, and 15 Landsat 9 OLI-TIRS) dated from 10/10/1984 to 17/12/2023 with < 3 

% cloud cover was used to study 11 flaring sites in Rivers State, Nigeria. Data processing and analysis were carried 

out using MATLAB code. For Landsat 5 and 7, NDVI was determined from the atmospherically corrected 

multispectral bands (1-4) and for Landsat 8 and 9, bands (2-5) in the N, E, S and W directions at distances 60m, 

90m, 120m and 240m from the flare. Generally, the results show that the NDVI at 60m are the lowest. NDVI 

increases as distance increases to 90m, 120m and 240m from the flare for all the sites. NDVI for all sites decreases 

as each year passes. However, Onne station shows an unsteady pattern for the years (1984-2007) before the station 

was built. The lowest mean NDVI (0.290) obtained from all the 11 sites is recorded at Umudioga 60m E from the 

flare stack, followed by Obigbo with (0.300) at 60m E from the flare. Standard deviation (SD) for each site is small 

with a range value (5.0786 ×10-5 - 2.0689 × 10-4). Therefore, it can be concluded that Landsat sensors can be used 

to evaluate the changes in vegetation cover and health at the flaring sites in the Niger Delta.   
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1. Introduction  
 

Flaring is a great factor contributing to the ongoing climate change in the entire world with the 

Niger Delta, Nigeria, not an exception. Several authors have studied the impacts of gas flaring 

in the environment worldwide which include increase in temperature [1, 2]; environmental 

pollution [1, 3, 4, 5]; contamination of vegetation [6]; destruction of vegetation and agricultural 

pursuits [7, 8, 9]. The negative impacts of flaring in the Niger Delta include stunted growth 

and/or death of farm produce, reduction and destruction of agricultural activities and vegetation 

[2, 3, 4, 7, 10, 11, 12, 13, 14]. 

 

Normalized Difference Vegetation Index (NDVI) is one of the primaries and the most well 

received vegetation index used for the vegetation assessment through remote sensing 

technology. The evaluation of vegetation helps in land use studies, land cover changes, 

commercial agriculture etc. NDVI which has a long history and simplicity can easily be 

obtained from any multispectral sensor with a visible and a near Infra-Red band, hence the 

reason for its general application [15]. 
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Globally, research has shown that NDVI is successful to distinguish non-forest, sparse forest, 

dense forest, agricultural fields and savannah. For example, assessments of the impact of 

climate on vegetation dynamics over East Africa from 1982 to 2015 [16]; drought monitoring 

in the Hetao plain, Mongolia of Northwest China [17, 18], in North America [19], and in Turkey 

[20]; forest health and vegetation changes in Germany [21, 22], in China [23], and in Greece 

[24]. Also, for monitoring land cover dynamics of the United Kingdom [25]; ecological 

environmental change in China [26]; land use land cover (LULC) changes of Pakistan’s 

Southern Punjab Province [27]; systematic planning of urban environment [28, 29]; and global 

vegetation monitoring [30].  

 

Additionally, evergreen forests are determined against seasonal forest types by the NDVI [31], 

and vegetation properties of various kinds are also estimated by the same NDVI, including the 

leaf area index (LAI) [32]. Other areas of applications of NDVI include but are not limited to 

the study of chlorophyll concentration in leaves [33]; productivity of plants [34] and plant stress 

[35]. The robustness of the NDVI-related models is directly determined by the reliability of the 

NDVI [36]. 

 

The consistent use of NDVI among different sensors and platforms is the primary factor for the 

promotion of its effectiveness for the assessment of vegetation [37]. However, atmospheric 

effect, NDVI susceptibility to saturation, and the quality of sensor are the major difficulties 

facing NDVI [15]. The problem of the effects of scattered radiation in the atmosphere is reduced 

by using the reflectance for retrieval of NDVI [38]. NDVI values of − 1 to 1 are the range of 

values of NDVI whether radiance, reflectance, or digital number (DN) is used as input. Water 

bodies give negative NDVI [3, 4], rocks, sands, or concrete surfaces give close to zero [3, 2], 

and vegetation, including crops, shrubs, grasses, and forests give positive NDVI values [38]. 

The higher values of NDVI suggest healthy vegetation [2, 3, 4]. 

 

For the past four decades NDVI products from Advanced Very High-Resolution Radiometer 

(AVHRR) and MODerate Resolution Imaging Spectroradiometer (MODIS) have used time-

series analysis [3, 4, 7, 15]. The applications of time-series NDVI includes monitoring change 

in vegetation [39, 6, 40], land cover types classification [2], simulation of environmental 

dynamics [41], extraction of vegetation phenology [42] etc. 

 

Many studies have been carried out on the policies regarding gas flaring globally. For example 

[43] found out that in Canada, the United Kingdom, Saudi Arabia, and Norway strict regulatory 

measures for flaring gas were put in place. It is required for oil companies to submit their 

environmental impact assessments on expected emissions and discharges from gas flaring; and 

to provide the comprehensive precautionary measures put in place for mitigating the 

environmental impacts of their activities [43]. Also, the advanced countries such as United 

States of America, Canada, United Kingdom, Norway etc. employed modern technologies for 

capturing flared gas for electricity generation which in turn eliminates gas flaring in the sector 

[43]. In Nigeria, policy coherence around gas flaring has been slowed by political partisanship, 

poor governance, lack of regulatory compliance, and policy conflict between environmental 

protection and economic development priorities [44].  

 

In addition, in Nigeria weak enforcement of the existing anti-gas-flaring laws, and lack of 

efficient regulatory legal framework for gas flare management are other challenges confronting 

zero flare policy that leads to oil companies continuing to flare gas [45]. A policy-specific 

approach toward reducing natural gas flaring and improving government quality in Nigeria is 

not less desirable. A gas flaring price targeting natural gas companies should be more effective 
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in mitigating gas flaring than the wider ‘carbon price’ or pollution price/tax policy [46]. Olujobi 

(2020) [43] concluded that low human capacity and poor funding of anti-flaring gas policies 

are contributing factors to continuous flaring of gas in Nigeria.  

 

Furthermore, several studies have been carried out on the strategies for mitigating the effects 

of gas flaring worldwide. Firstly, the application of Carbon Capture Utilization and Storage 

(CCUS) technologies which enable capturing at the source, transportation, and secure storage 

of Carbon dioxide (CO2) emissions from oil and gas sectors processes [47, 48]. Also, advanced 

drilling such as horizontal drilling which involves drilling wells parallel to the Earth's surface, 

allowing for the extraction of oil and gas from multiple locations using a single wellbore [49]. 

This technique enables companies to access hard-to-reach reserves and increase production 

efficiency while reducing the environmental footprint of drilling operations [49]. Horizontal 

drilling reduces surface disturbance and habitat fragmentation, thereby mitigating the impact 

on ecosystems [50, 51]. 

 

In addition, reinjection technique is another method used for curbing the impacts of gas flaring. 

This technique is generally employed to maintain the presence of gas for the future use and 

increases the efficiency of oil production in enhanced oil recovery (EOR) activities [52]. Flare 

utilization methods include the application of gas turbine generator (GTG), pipeline natural gas 

(PNG), liquefied petroleum gas (LPG), liquefied natural gas (LNG), compressed natural gas 

(CNG), natural gas hydrates (NGH), gas to liquid (GL) [53]. 

 

Evaluation of the changes in the vegetation cover and health at the flaring sites in the Niger 

Delta using NDVI data from the Earth Observation Satellites (EOS) (Landsat 5 Thematic 

Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), Landsat 8 and Landsat 9 

Operational Land Imager and Thermal Infrared Sensor (OLI-TIRS)); and the time series 

analysis represents the knowledge gap in this research. The crucial importance of this research 

is that it helps to know the range of changes in the vegetation cover and health; and also, to 

evaluate the extent of damages that have occurred within the period at each flaring site. 

 

There are three (3) principal research questions for this study: (1) How correctly can Landsat 

Earth Observation data be used to evaluate changes in vegetation cover and health over a long 

period at gas flaring sites in the Niger Delta? (2) What is the rate of changes in vegetation cover 

and health at the specific flaring site in the Niger Delta? (3) How accurately can time series 

analysis be used for the assessment of the changes in vegetation cover and health at the flaring 

sites in the Niger Delta? Hence, the examination of the ability of Landsat 5, 7, 8 and 9 sensors 

to evaluate the changes in vegetation cover and health at gas flaring sites in the Niger Delta is 

the overall aim of the study. The following are the objectives for this research: (1) Derivation 

of NDVI from atmospherically corrected Landsat data in the North (N), East (E), South (S), 

and West (W) directions at the flaring sites; (2) Classification of land surface cover (LSC) at 

the flaring sites; (3) Ground validation of the satellite data to improve the results; (4) 

Application of time series analysis for evaluating the rate of changes in vegetation cover and 

health.  

 

2. Materials and Method 

 

2.1. Study area 

 

Eleven (11) flaring sites including two (2) refineries (Eleme 1 and Eleme 2); seven (7) flow 

stations (Onne, Umurolu, Alua, Rukpokwu, Obigbo, Chokocho and Umudioga); one (1) 
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Liquefied Natural Gas (LNG) plant (Bonny) and one (1) oil well (Sara) all from Rivers State, 

Niger Delta region (Figure 1) were studied for evaluation of the changes in the vegetation cover 

and health from 1984 to 2023 in the Niger Delta. The size of the area examined around the flare 

stacks with Landsat data is 12 × 12 km, in order to include sufficient data for detailed mapping 

of each site so that processes not related to flaring could also be resolved. 

 

 
Figure 1. Top left: map of Nigeria; top right: map of Rivers State; bottom: 11 gas flaring studied sites [54]. 

 

2.2. Data used  

 

Eleven (11) Landsat 5 TM data, forty-nine (49) Landsat 7 ETM+ data, twenty-seven (27) 

Landsat 8 OLI-TIRS data, and fifteen (15) Landsat 9 OLI-TIRS data dated from 10/10/1984 to 

17/12/2023 with < 3 % cloud cover was used for this study. The USGS website where these 

data were downloaded is https://earthexplorer.usgs.gov/.  

 

2.3. Data Analysis 

 

2.3.1. Processing of Landsat data 

 

1. Geo-location points were verified: Ten (10) ground control points (GCPs) were selected 

over the Niger Delta using Google Earth (Table 1). Twenty (20) images with five (5) images 

each from Landsat 5, 7, 8 and 9 were uploaded into the ArcGIS and the selected GCPs were 

identified. In Table 1, the coordinates (latitude and longitude) of the selected 10 ground 

control points through the Google Earth were presented in the columns 2 and 3. Columns 4 

and 5 show the coordinates of the same selected 10 ground control points through Landsat 

5, 7, 8 and 9 data. Column 6 provides the descriptive remarks for each of the selected points. 

The comparison of the coordinates of these controls obtained from the Google Earth and 

ArcGIS was carried out with a negligible difference found (1.0 x 10⁻6 to 7.3 x 10⁻6 m) (Table 

1). This was taken as an acceptable error range for the geo-location of the imagery.   

 

2. Removal of zero and out of range values from the data using MATLAB code, and their 

replacement with not a number (nan) in order to avoid divide by zero errors in calculations. 

Values at the upper and lower limits of the 8-bit, 12-bit and 14-bit data range which cannot 

be distinguished from noise were all removed.  

https://earthexplorer.usgs.gov/
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Table 1. Geo-location point verification for Landsat 5, 7, 8 & 9 data 

S/N Google Earth 

Latitude (θ) 

Google Earth 

Longitude (λ) 

Landsat 5, 7, 8 

& 9 Latitude (θ) 

Landsat 5, 7, 8 

& 9 Longitude (λ) 

Remarks 

1 04 24 35.42  

 

07 09 36.00 04 24 35.40 07 09 36.00 An edge of a two storey 

building 

2 04 25 48.34 07 11 15.41 04 25 48.34 07 11 15.39 A point on a tower 

3 04 44 18.04 06 46 26.03 04 44 18.04 06 46 26.00 A two-point road junction 

4 04 58 17.09 06 37 51.89 04 58 17.01 06 37 51.23 Edge of a fence. 

5 04 52 59.09 06 52 09.95 04 52 59.09 06 52 09.00 A point on a LNG terminal 

6 04 51 40.12 06 57 57.93 04 51 40.00 06 57 57.00 A three-point road junction 

7 05 03 08.89 06 55 15.91 05 03 08.10 05 55 15.21 A three-point road junction 

8 05 00 59.28 06 57 15.5 05 00 59.20 06 57 15.30 Edge of a building at 

Rivers International Airport 

9 04 45 26.24 07 07 04.29 04 45 26.20 07 07 04.30 Edge of Eleme II fence 

10 04 47 56.02 07 03 26.73 04 47 56.01 07 03 26.50 Edge of a building 

 

3. The radiometric calibration of the multispectral bands of the data was performed. The 

Digital Number (DN) values were converted to the top of atmosphere (TOA) radiance 

values based on the sensor calibration parameters provided within the metadata files from 

USGS according to the Landsat 5 [55], Landsat 7 [56], Landsat 8 and Landsat 9 Science 

Data User’s Handbooks [57] using equations 1, 2 and 3. 

 

    Lλ= Grescale× QCAL + Brescale                                        (1)  

Equation (1) is also expressed as; 

Lλ= ((LMAXλ− LMINλ) / (QCALMAX − QCALMIN)) × (QCAL− QCALMIN) + LMINλ     (2)  

Where: 

Lλ= Spectral radiance at the sensor’s aperture (Wm⁻²sr⁻¹µm⁻¹); 

Grescale= Rescaled gain (Data product “gain” contained in the Level 1 product header or 

ancillary data record) (Wm⁻²sr⁻¹µm⁻¹)/ DN; 

Brescale= Rescaled bias (Data product “offset” contained in the Level 1 product header or 

ancillary data record) (Wm⁻²sr⁻¹µm⁻¹); 

QCAL = The quantized calibrated pixel value in DN; 

LMINλ= The spectral radiance that is scaled to QCALMIN (Wm⁻²sr⁻¹µm⁻¹); 

LMAXλ= The spectral radiance that is scaled to QCALMAX (Wm⁻²sr⁻¹µm⁻¹); 

QCALMIN = The minimum quantized calibrated pixel value (corresponding to LMINλ) in 

DN  = 1 for LPGS (a processing software version) products;  

QCALMAX = The maximum quantized calibrated pixel value (corresponding to LMAXλ) in 

DN   = 255. 
 

For Landsat 8 and 9, the DN can be converted to spectral radiance using equation 3 

Lλ= (ML × Qcal) + AL [57]         (3) 

 

Where:  

Lλ= Spectral radiance (Wm⁻²sr⁻¹µm⁻¹);  

ML= Radiance multiplicative scaling factor for the band from the metadata; 

AL= Radiance additive scaling factor for the band from the metadata; 

Qcal = Level 1 pixel value in DN. 
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4. Computation of TOA reflectance for multispectral bands 1 to 4 for Landsat 5 and 7 

including the application of simple sun angle correction is done with equation (4) which 

assumes Lambertian surface reflectance [56, 58]: 

𝜌p= (𝜋 × Lλ× d²)/ (ESUNλ × cos 𝜃𝑠)        (4) 

Where:                 

𝜌p = Unitless effective at-satellite planetary reflectance; 

L is measured per unit solid angle; 

𝜋L = Upwelling radiance over a full hemisphere; 

d = Earth-Sun distance in astronomical units; 

ESUNλ= Mean solar exo-atmospheric irradiances; 

𝜃𝑠 = Solar zenith incident angle in degrees [55]. 

 

For Landsat 8 and 9, Level 1 DN of multispectral bands 2-5 can be converted to TOA 

uncorrected reflectance for solar elevation angle using equation 5. 

ρλ’ = (Mρ × Qcal) + Aρ   [57]       (5) 

Where:  

ρλ' = TOA Planetary Spectral Reflectance, without correction for solar angle(Unitless); 

Mρ= Reflectance multiplicative scaling factor for the band from the metadata; 

Aρ= Reflectance additive scaling factor for the band from the metadata; 

Qcal = Level 1 pixel value in DN. 

 

The Landsat 8 and 9 corrected reflectance for solar elevation angle is as follows: 

ρλ = ρλ’/cos (𝜃SZ)  = ρλ’/ sin (𝜃SE)   [57]                       (6) 

Where:  

ρλ = TOA planetary reflectance 

𝜃SZ = Local sun elevation angle; the scene centre sun elevation angle in degrees is provided in 

the metadata; 

𝜃SE = Local solar zenith angle; 𝜃SZ=90°− 𝜃SE. 
 

5. Atmospheric correction method: Dark Object Subtraction (DOS) method [59, 60] was 

adopted. The basic assumption is that within the image some pixels are in complete shadow 

and their radiances received at the satellite are due to atmospheric scattering “path 

radiance”. This assumption is combined with the fact that very few targets on the Earth’s 

surface are absolute black, so an assumed 1 % minimum reflectance is better than 0 % [61]. 

MODIS and Medium Resolution Imaging Spectroradiometer (MERIS) atmospheric 

correction algorithms [61] are based on this principle. However, this method assumes that 

this error is the same over the whole image.  

 

DOS processes applied to this study mean that pixels corresponding to the darkest location 

(Atlantic Ocean) were selected for bands 1-4 for Landsat 5 and 7, and bands 2-5 for Landsat 8 

and 9. The number of pixels obtained varies depending on the size of the darkest spot (Table 

2). In Table 2, column 1 shows the image identification number of parts of Landsat 5, 7, 8 and 

9 data (3 each) used for the study where the coordinates (latitude and longitude) of darkest 

pixels for each image for bands 1-4 for Landsat 5 and 7, and bands 2-5 for Landsat 8 and 9 were 

retrieved. Then, columns 2-5 presented the coordinates of darkest points for each image and for 

each multispectral band. The reflectance for these dark pixels was computed for each band and 

the minimum value obtained for each band was used as an estimate of the atmospheric 

reflectance for the respective band. These small errors were subtracted from the computed 

reflectance for each pixel of the whole image to reduce the atmospheric effects. 
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Table 2. Latitude and longitude of selected dark pixels over Atlantic Ocean (L5, L7, L8 & L9) 

Image ID Band 1 

(Lat/Long.) 

Band 2 

(Lat/Long.) 

Band 3 

(Lat/Long.) 

Band 4 

(Lat/Long.) 

LT51880571986017AAA04 04 20 02.07 

07 15 03.13 

04 20 11.21 

07 15 58.84 

04 21 36.79 

07 15 51.34 

04 21 25.05 

07 16 22.45 

LT51880571987004XXX04 04 10 00.26 

07 04 43.95 

03 48 04.22 

07 42 00.92 

03 49 09.90 

07 42 01.96 

03 51 01.14 

07 42 23.63 

LT51880571986353XXX10 04 16 48.94 

07 21 40.25 

04 11 40.48 

07 39 48.02 

04 10 16.93 

07 21 20.77 

04 08 08.69 

07 09 02.10 

LE71880571999333AGS00 03 40 37.29 

06 35 44.23 

03 41 14.57 

06 35 31.92 

03 45 10.61 

06 34 32.91 

03 43 54.41 

06 32 27.08 

LE71880572000352EDC00 03 57 55.38 

06 24 15.44 

04 17 17.76 

08 09 37.65 

04 18 50.68 

08 10 15.89 

04 19 24.42 

08 11 31.37 

LE71880572003008SGS00 04 18 00.97 

07 26 14.16 

03 36 14.95 

07 57 22.38 

03 38 15.29 

07 57 45.13 

03 41 09.19 

07 58 49.59 

 Band 2 

(Lat/Long.) 

Band 3 

(Lat/Long.) 

Band 4 

(Lat/Long.) 

Band 5 

(Lat/Long.) 

LC81880572018361LGN00 04 22 38.41 

07 04 41.30 

04 22 43.01 

07 04 26.11 

04 22 39.58 

07 04 48.01 

04 22 36.42 

07 04 15.20 

LC81880572019364LGN00 04 16 36.71 

08 10 10.49 

04 18 54.00 

08 10 32.05 

04 17 22.05 

08 10 47.00  

04 16 49.02 

08 10 19.67 

LC81880572021353LGN00 03 35 25.09 

07 56 24.71 

03 34 22.50 

07 56 12.06 

03 35 44.80 

07 55 31.42 

03 34 19.28 

07 55 37.52 

LC09L1TP18805720211211 04 22 37.00 

07 04 41.13 

04 23 00.05 

07 04 23.05 

04 22 49.61 

07 04 37.01 

04 22 26.08 

07 04 43.59 

LC09L1T18805720220317 04 06 42.08 

06 38 18.60 

04 06 06.59 

06 48 45.38 

04 06 43.39 

06 49 22.24 

04 04 52.90 

06 46 54.80 

LC09L1T18805720231225 03 58 05.19 

06 23 32.19 

03 58 42.27 

06 25 23.40 

03 58 57.30 

06 25 41.18 

03 59 11.23 

06 25 59.42 

 

6. Atmospherically corrected reflectance: This is the result obtained after the application of 

the DOS method in section 5 above.  

7. Classification of Land Surface Cover (LSC): The atmospherically corrected reflectance 

bands 1-4 for Landsat 5 and 7, and bands 2-5 for Landsat 8 and 9 using the K-means function 

[2, 3, 4, 7, 8,10, 11, 13, 63] of the MATLAB tool were used for the first unsupervised cluster 

analysis for the land cover types classification. Three (3) classes of land cover (LC) types 

with cloud classified as the fourth class was obtained. Any of the 3 LC (Vegetation, water, 

soil and built up area) and the cloud as the fourth class was identified. Also, MATLAB 

codes were used for the elimination of the cloud class by masking. The cloud-masked 

reflectance was used for the second cluster analysis and 4 LC retrieved are vegetation, soil, 

built-up area and water [2, 6, 11, 64]. However, Landsat SWIR bands 5 and 7 (Landsat 5 

and 7), and bands 6 and 7 (Landsat 8 and 9) were also employed for the classification of 

land cover types but they could not give useful results as the bands used, therefore, they 

were dropped for further analysis. Furthermore, Visual examination of Worldview-1 and 2, 

and IKONOS pseudo-true color images (RGB) from Google Earth and Digital Global 

(http://browse.digitalglobe.com/imagefinder/public.do) were also used to study and 

clarified the LC obtained. Results obtained from LC classification were used to summarize 

the LC types around each site. 

 

http://browse.digitalglobe.com/imagefinder/public.do
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8. Retrieval of NDVI in the N, E, S and W directions: The cloud-masked reflectance bands 3 

and 4 for Landsat 5 and 7, and bands 4 and 5 for Landsat 8 and 9 were used for the retrieval 

of NDVI [3, 4]. For Landsat 5 and 7, band 3 is Red (R) and band 4 is Near Infra-Red (NIR) 

while for Landsat 8 and 9, band 4 is R and band 5 is NIR. The mathematical formula for 

NDVI is as stated in equation (7) [65].  
NDVI = (NIR − R)/(NIR + R)         (7) 

Where, 

NIR = Near Infra-Red reflectance; 

R = Red reflectance. 
 

A summary of stages for the processing of Landsat 5, 7, 8 and 9 is shown in Figure 2. 

 

 
Figure 2. Methodology for processing of Landsat 5, 7, 8 and 9 data. 
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2.3.2. Ground validation of Landsat data 

 

Methods and processes for the evaluation of satellite data in order to check if such data meet 

their stated accuracy requirements and objectives are referred to as the validation of satellite 

products. For this study, the validation measurements were carried out at Eleme Refineries I 

and II, and Onne, Alua, Chokocho and Obigbo Flow Stations on 27/07/2012 for reconnaissance 

activities. From 04/08/2012 to 21/09/2012[6], the first ground measurements and observations 

took place, which were also repeated from 05/08/2019 to 22/09/2019 [11]. The third field 

measurement conducted from 05/08/2023 to 22/09/2023. The in-situ data acquired are 

coordinates of features and points, relative humidity, air temperature, and photographs of 

features and locations. In addition, fieldwork activities at these 6 flaring sites confirmed that 

their LC (vegetation, some buildings, open land and water bodies) types are similar; and that 

they are the same with as other remaining flaring sites examined due to the similarity of the 

topography of the Niger Delta. 

 

3. Results  

 

3.1. Time series analysis of NDVI 

Satellite data from 1984 to 2023 were used for time series analysis for this study. Generally, 

the results obtained presented yearly changes for all the 11 flaring sites. The NDVI values were 

retrieved using four cardinal points i.e., in the N, E, S and W directions at 60 m, 90 m, 120 m 

and 240 m from the flare stack which was at the centre of the site (0 m) 12 × 12 km. The pixels 

adjacent to the flare stack were used as the starting point. All Landsat data used were processed 

individually with NDVI for each pixel within the site retrieved. The NDVI at 60 m, 90 m, 120 

m and 240 m from the flare in the N, E, S and W were retrieved for each year. Mean value for 

each year from the available data was computed and the range (Maximum and minimum) values 

of NDVI for the computed years were finally retrieved (Tables 3-6). In Table 3-6, columns 1-3 

present the names of the facilities, their build time and date of available Landsat data for each 

site. Columns 4-7 show the mean range of NDVI values at 60 m, 90 m, 120 m and 240 m 

recorded for each site in the four cardinal directions.  

Tables 7-17 present NDVI results at 60 m, 90 m, 120 m and 240 m from the flare in the N, E, 

S and W for each specific site when the entire available data for each site were processed at 

once. Columns 1-3 give the name of the facility for the specific site, its build date and the 

available Landsat data for the site in the archive. Columns 4-7 shows the NDVI results recorded 

in the four cardinal directions. The changes in the values of NDVI from 1984 to 2023 are 

presented in Figures 3-13. The results show similar trends for points between 60-120 m with a 

yearly reduction in the NDVI. However, at 240 m, throughout the year the NDVI results 

fluctuate for all the stations. Furthermore, unlike the values from 60-120 m where the highest 

NDVI values for all sites were recorded for the early years, the NDVI obtained for a distance 

of 240 m in 2023 is almost equivalent to that of the early years and even greater for some sites. 

For 60-120 m distance from the flare, the photosynthetic activity has been reduced to a little 

and/or dead with the vegetation cover and its health being negatively affected [3, 7, 11, 12, 2, 

66] as shown by the results obtained. The in-situ data from ground validation activities also 

supported the results from the satellite data. The time of build for Eleme Refinery II, Onne Flow 

Station and Bonny LNG facilities are shown by a red line in the Figures 4, 5 and 7. 
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Table 3. Mean annual NDVI range for flaring sites at 60 m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme I 1965 1986-2023 0.20-0.69 0.36-0.75 0.54-0.84 0.23-0.78 

Eleme II 1988 1984-2023 0.23-0.70 0.23-0.74 0.21-0.76 0.33-0.78 

Onne 2010 1984-2023 0.48-0.82 0.51-0.79 0.48-0.82 0.51-0.79 

Umurolu Unknown 1984-2023 0.15-0.79 0.39-0.78 0.48-0.88 0.48-0.77 

Bonny 1989 1986-2023 0.23-0.68 0.23-0.68 0.27-0.70 0.27-0.68 

Alua Unknown 1984-2023 0.25-0.71 0.28-0.75 0.40-0.80 0.28-0.75 

Rukpokwu Unknown 1986-2023 0.25-0.73 0.25-0.73 0.22-0.67 0.39-0.80 

Obigbo Unknown 1986-2023 0.15-0.61 0.25-0.71 0.40-0.80 0.25-0.73 

Chokocho Unknown 1986-2023 0.25-0.71 0.31-0.81 0.40-0.88 0.40-0.83 

Umudioga Unknown 1984-2023 0.40-0.74 0.46-0.76 0.23-0.78 0.18-0.78 

Sara Unknown 1986-2023 0.34-0.82 0.25-0.71 0.34-0.81 0.34-0.84 

 

Table 4. Mean annual NDVI range for flaring sites at 90 m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme I 1965 1986-2023 0.30-0.64 0.45-0.75 0.54-0.77 0.23-0.75 

Eleme II 1988 1984-2023 0.23-0.74 0.32-0.76 0.34-0.76 0.23-0.74 

Onne 2010 1984-2023 0.51-0.83 0.49-0.81 0.39-0.71 0.44-0.74 

Umurolu Unknown 1984-2023 0.28-0.77 0.37-0.76 0.41-0.78 0.37-0.76 

Bonny 1989 1986-2023 0.23-0.66 0.23-0.66 0.22-0.67 0.25-0.70 

Alua Unknown 1984-2023 0.26-0.74 0.22-0.74 0.19-0.72 0.38-0.84 

Rukpokwu Unknown 1986-2023 0.29-0.77 0.26-0.74 0.31-0.75 0.26-0.74 

Obigbo Unknown 1986-2023 0.31-0.75 0.26-0.74 0.23-0.74 0.21-0.74 

Chokocho Unknown 1986-2023 0.26-0.74 0.26-0.74 0.35-0.88 0.31-0.84 

Umudioga Unknown 1984-2023 0.48-0.77 0.48-0.72 0.24-0.78 0.20-0.75 

Sara Unknown 1986-2023 0.35-0.88 0.26-0.74 0.31-0.79 0.21-0.76 

 
 

Table 5. Mean annual NDVI range for flaring sites at 120 m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme I 1965 1986-2023 0.49-0.72 0.55-0.82 0.41-0.62 0.50-0.72 

Eleme II 1988 1984-2023 0.32-0.59 0.31-0.70 0.34-0.64 0.28-0.62 

Onne 2010 1984-2023 0.32-0.62 0.39-0.64 0.35-0.59 0.34-0.70 

Umurolu Unknown 1984-2023 0.46-0.72 0.29-0.52 0.48-0.70 0.37-0.65 

Bonny 1989 1986-2023 0.37-0.51 0.53-0.65 0.38-0.52 0.32-0.44 

Alua Unknown 1984-2023 0.30-0.62 0.35-0.64 0.32-0.59 0.33-0.70 

Rukpokwu Unknown 1986-2023 0.44-0.70 0.16-0.54 0.32-0.65 0.28-0.64 

Obigbo Unknown 1986-2023 0.24-0.65 0.16-0.44 0.33-0.70 0.36-0.64 

Chokocho Unknown 1986-2023 0.44-0.70 0.16-0.54 0.32-0.65 0.28-0.64 

Umudioga Unknown 1984-2023 0.48-0.70 0.16-0.42 0.32-0.57 0.33-0.64 

Sara Unknown 1986-2023 0.42-0.72 0.25-0.52 0.44-0.70 0.32-0.65 

 
Table 6. Mean annual NDVI range for flaring sites at 240 m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme I 1965 1986-2023 0.50-0.62 0.85-0.86 0.77-0.80 0.48-0.54 

Eleme II 1988 1984-2023 0.60-0.70 0.65-0.71 0.60-0.64 0.45-0.54 

Onne 2010 1984-2023 0.45-0.53 0.62-0.64 0.60-0.70 0.65-0.69 

Umurolu Unknown 1984-2023 0.50-0.58 0.48-0.56 0.75-0.78 0.50-0.59 

Bonny 1989 1986-2023 0.55-0.59 0.50-0.53 0.48-0.52 0.51-0.53 

Alua Unknown 1984-2023 0.45-0.53 0.61-0.64 0.60-0.65 0.69-0.70 

Rukpokwu Unknown 1986-2023 0.75-0.79 0.74-0.81 0.48-0.59 0.51-0.53 

Obigbo Unknown 1986-2023 0.45-0.52 0.65-0.69 0.65-0.67 0.81-0.84 

Chokocho Unknown 1986-2023 0.75-0.79 0.73-0.74 0.52-0.61 0.42-0.50 

Umudioga Unknown 1984-2023 0.75-0.78 0.66-0.69 0.61-0.69 0.42-0.50 

Sara Unknown 1986-2023 0.50-0.60 0.48-0.54 0.75-0.78 0.50-0.61 
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Table 7. Mean NDVI for Eleme I at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme I (60 m) 1965 1986-2023 0.445 0.555 0.529 0.490 

Eleme I (90 m)  1986-2023 0.470 0.600 0.655 0.510 

Eleme I (120 m)  1986-2023 0.605 0.685 0.685 0.610 

Eleme I (240 m)  1986-2023 0.660 0.855 0.785 0.645 

 
Table 8. Mean NDVI for Eleme II at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Eleme II (60 m) 1988 1984-2023 0.485 0.485 0.485 0.445 

Eleme II (90 m)  1984-2023 0.485 0.505 0.550 0.450 

Eleme II (120 m)  1984-2023 0.555 0.540 0.490 0.485 

Eleme II (240 m)  1984-2023 0.650 0.680 0.620 0.495 

 
Table 9. Mean NDVI for Onne at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Onne (60 m) 2010 1984-2023 0.490 0.630 0.515 0.520 

Onne (90 m)  1984-2023 0.570 0.515 0.550 0.590 

Onne (120 m)  1984-2023 0.605 0.650 0.570 0.610 

Onne (240 m)  1984-2023 0.670 0.685 0.650 0.670 

 

 

 
Table 10. Mean NDVI for Umurolu at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Umurolu (60 m) Unknown 1984-2023 0.525 0.405 0.590 0.510 

Umurolu (90 m)  1984-2023 0.540 0.405 0.595 0.545 

Umurolu (120 m)  1984-2023 0.560 0.565 0.765 0.565 

Umurolu (240 m)  1984-2023 0.590 0.855 0.785 0.695 

 
Table 11. Mean NDVI for Bonny at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Bonny (60 m) 1989 1986-2023 0.455 0.455 0.445 0.380 

Bonny (90 m)  1986-2023 0.445 0.445 0.450 0.475 

Bonny (120 m)  1986-2023 0.540 0.515 0.468 0.494 

Bonny (240 m)  1986-2023 0.570 0.590 0.500 0.520 

 
Table 12. Mean NDVI for Alua at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Alua (60 m) Unknown 1984-2023 0.460 0.480 0.600 0.515 

Alua (90 m)  1984-2023 0.460 0.495 0.455 0.512 

Alua (120 m)  1984-2023 0.480 0.515 0.455 0.610 

Alua (240 m)  1984-2023 0.500 0.625 0.625 0.695 

 
Table 13. Mean NDVI for Rukpokwu at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Rukpokwu (60 m) Unknown 1986-2023 0.490 0.350 0.445 0.460 

Rukpokwu (90 m)  1986-2023 0.530 0.490 0.485 0.500 

Rukpokwu (120 m)  1986-2023 0.570 0.500 0.530 0.520 

Rukpokwu (240 m)  1986-2023 0.770 0.775 0.535 0.5595 

 
Table 14. Mean NDVI for Obigbo at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Obigbo (60 m) Unknown 1986-2023 0.380 0.300 0.485 0.475 

Obigbo (90 m)  1986-2023 0.445 0.480 0.515 0.490 

Obigbo (120 m)  1986-2023 0.485 0.500 0.606 0.500 

Obigbo (240 m)  1986-2023 0.530 0.670 0.660 0.825 
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Table 15. Mean NDVI for Chokocho at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Chokocho (60 m) Unknown 1986-2023 0.480 0.350 0.485 0.460 

Chokocho (90 m)  1986-2023 0.500 0.500 0.565 0.463 

Chokocho (120 m)  1986-2023 0.570 0.560 0.615 0.575 

Chokocho (240 m)  1986-2023 0.770 0.735 0.640 0.615 

 
Table 16. Mean NDVI for Umudioga at (60, 90, 120 and 240) m from the stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Umudioga (60 m) Unknown 1984-2023 0.570 0.290 0.445 0.460 

Umudioga (90 m)  1984-2023 0.590 0.600 0.505 0.475 

Umudioga (120 m)  1984-2023 0.625 0.610 0.510 0.480 

Umudioga (240 m)  1984-2023 0.765 0.675 0.650 0.485 

 
Table 17. Mean NDVI for Sara at (60, 90, 120 and 240) m from the flare stack 

Facility Build time Data dates N (m) E (m) S (m) W (m) 

Sara (60 m) Unknown 1986-2023 0.550 0.385 0.550 0.485 

Sara (90 m)  1986-2023 0.580 0.480 0.570 0.495 

Sara (120 m)  1986-2023 0.612 0.500 0.575 0.555 

Sara (240 m)  1986-2023 0.655 0.510 0.765 0.590 

 

At Eleme Refinery I (Figure 3), NDVI at 60 m from the flare in the 4 directions shows slow 

and stable decrease in values until 2001 when there was a gradual reduction in its values. At 60 

m from the flare in the W direction, the NDVI value reduced from 0.42 m in 2022 to 0.24 m in 

2023. Figure 4 presents NDVI for Eleme Refinery II which gives a yearly reduction of its 

values. However, at 240 m NDVI values were almost sustained from 1984 to 2008; and from 

2008 to 2023 values of NDVI increase slowly. This is due to the damage of the Refinery II 

since 2008 that led to reduction in the production capacity to about 10 %. From Figure 5 (Onne), 

there were no changes in the value of NDVI (1984-2008). However, at 60 and 90 m for the 4 

directions from 2008 and 2015 NDVI fluctuated. In 2008, at 120 m, NDVI reduced from 0.62 

m to (0.52-0.48) m in 2009. Furthermore, Umurolu (Figure 6) show slow increase in the NDVI 

values (0.50-0.59) m from 1984 to 2023 with the maximum value recorded in 2009. 

 

 
Figure 3. NDVI value changes over time in Eleme refinery I (1986-2023) 

 



Barnabas O. Morakinyo 

Time Series Analysis from 1984 to 2023 of Earth Observation Satellites Data for Evaluating Changes in 

Vegetation Cover and Health at Flaring Sites in the Niger Delta, Nigeria 

Academic Platform Journal of Natural Hazards and Disaster Management 5(2), 76-100, 2024                88 

 

 
Figure 4. NDVI value changes over time in Eleme refinery II (1984-2023) 

 

 
Figure 5. NDVI value changes over time in Onne (1984-2023) 
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Figure 6. NDVI value changes over time in Umurolu (1984-2023) 

 

From (2008-2023) NDVI reduced at 60 m N for Bonny LNG (Figure 7) but at 90 m there was 

a great reduction in 2006. At 120 m NDVI values were almost constant (1986-2004), and from 

here the NDVI steadily reduced until 2023. However, at 240 m NDVI values increased from 

(0.5) m in 2001 to 0.55 m and above in 2023. General annual reductions of NDVI were recorded 

for Alua (Figure 8), Rukpokwu (Figure 9), Obigbo (Figure 10), Chokocho (Figure 11), 

Umudioga (Figure 12) and Sara (Figure 13) in the N, E, S, and W directions. However, for 

Alua, at 240 m NDVI slowly increased for all directions. For Obigbo, at a distance of 240 m, 

the NDVI gave the same values for all directions. For Umudioga N, NDVI reduced from 2008 

to 2023 (0.5-0.7). For Sara at 240 m NDVI increased from 1990 to 2002 (0.48-0.71), reduced 

in 2005 (0.58) and then slowly increased until 2023. The lowest mean NDVI (0.290) obtained 

from all the 11 sites is recorded at Umudioga 60 m E of the flare stack, followed by Obigbo 

with (0.300) at 60 m East of the flare. Finally, both Rukpokwu and Chokocho recorded (0.350) 

at 60 m East of the stack.  

 
Figure7. NDVI value changes over time in Bonny LNG (1986-2023) 
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Figure 8. NDVI value changes over time in Alua (1984-2023) 

 

 
Figure 9. NDVI value changes over time in Rukpokwu (1986-2023) 
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Figure 10. NDVI value changes over time in Obigbo (1986-2023) 

 

 
Figure 11. NDVI value changes over time in Chokocho (1986-2023) 
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Figure 12. NDVI value changes over time in Umudioga (1984-2023) 

 

 
Figure 13. NDVI value changes over time in Sara (1986-2023) 

 

3.2. Statistical analysis 

 

The NDVI results for each pixel in each subscene from 1984 to 2023 were linearly regressed 

against time. The mean and standard deviation of NDVI trend values were calculated in each 

case for NDVI trend values. The significance level adopted for the analysis is 𝛼 >0.05. Table 

18 presents the mean and standard deviation (SD) for all the NDVI values at each flaring site. 

Column 1 gives the list of the 11 flaring sites studied, columns 2 and 3 shows the computed 

mean and standard deviation of NDVI recorded for all pixels within 12 × 12 km of each site.  
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Table 18. Mean and SD for NDVI values for the study sites (Change in NDVI/ year) 

Flaring sites Mean (All pixels) SD (All pixels) 

Eleme I 1.9166 ×10-5 2.0689 × 10-4 

Eleme II 1.5010 ×10-5 1.3596 ×10-4 

Onne 2.2849× 10⁻6 7.9515 ×10-5 

Umurolu 5.8057 ×10-5 7.4988 ×10-5 

Bonny 2.1294 ×10-5 8.2903 ×10-5 

Alua 8.7469 ×10-5 1.4516 ×10-4 

Rukpokwu 7.3986 ×10-5 6.2093 ×10-5 

Obigbo 7.8273 ×10-5 1.1192 ×10-4 

Chokocho 1.0520 ×10-4 5.0786 ×10-5 

Umudioga -3.0408 ×10-5 1.0120 ×10-4 

Sara 1.4015 ×10-5 7.6382 ×10-5 

 

Mean gives a central value in the distribution; however, it does not indicate how far the data 

points fall from the center. SD value summarizes the variability in a dataset; and also represents 

the typical distance between each data point and the mean. A smaller value of SD shows that 

the data points cluster closer to the mean which is an indication that the values in the dataset 

are relatively consistent. In contrast, higher values show that the values spread out further from 

the mean. The results presented in Table 18 show that SD for each site is small with a range 

value (5.0786 × 10-5 - 2.0689 × 10-4). Chokocho site recorded the lowest SD (5.0786 × 10-5) 

and the highest value is for Eleme refinery 1. The NDVI results obtained for all sites are directly 

opposite to the temperature which is supported by the previous literature [1, 5, 9, 14]. The higher 

the temperature around the flare source, the lower NDVI retrieved. Hence, contamination of 

vegetation, destruction of farm produce, stunted growth and/or death of vegetation and 

agricultural products, environmental pollution etc. at each site is inevitable. 

 

4. Discussion  

 

The lowest values of NDVI were obtained at 60 m and the values increase as distance from the 

flare increases to 90 m, 120 and 240 m for all the 11 sites throughout the years of analysis. 

However, before the construction of Onne (1984-2008) NDVI fluctuated which could be 

attributed to the vegetation density, vegetation types and their photosynthetic rate as no flare 

was present. The results also recorded yearly reduction in NDVI within 120 m from the stack; 

and that the impacts of the flare after 120 m are very little. Also, the results from the statistical 

analysis give smaller SD which means that the data cluster to the mean i.e. the dataset values is 

consistent. The implication of the results is that vegetation closer to the flare is sparse, unhealthy 

and some of it is dead. The lowest mean NDVI (0.290) obtained from all the 11 sites is recorded 

at Umudioga 60 m E of the flare stack. Therefore, it can be concluded that Landsat sensors can 

be used to evaluate the changes in vegetation cover and its health at the flaring sites in the Niger 

Delta. 
 

Lack of data on vegetation types, and the rate and volume of the gas burning at flaring sites are 

two major challenges to this research. Therefore, a further study needs to be carried out using 

these two datasets in order to improve on the results obtained for this study. 

 

Gas flaring is a major problem in Nigeria that has not yet received 100 % attention of the 

Government on how to solve it. Hence, the following recommendations are made: 

 

▪ Nigerian Government should carry out the stringent enforcement of the Nigerian Petroleum 

Industry Act of 2021. 
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▪ Nigerian Environmental protection laws should have adequate provisions for combating oil 

and gas pollution, degradation, and gas flaring. The National Environmental Standard 

Regulation Enforcement Agency (Establishment) Act (NESREA), 2007, should be 

amended to widen its scope to oil and gas sector activities. 

▪ The Nigerian Constitution should be amended to make environmental infringements 

justiciable in order to guarantee a healthy and sustainable environment.  

▪ Enactment of the comprehensive regulatory framework governing gas utilization and 

development of gas pipeline networks to all the six (6) geo-political zones in Nigeria for 

proper gas distribution. 

▪ The Nigerian Government should increase generation of electricity in Nigeria through the 

use of gas.  

▪ Oil companies should update their equipment to modern technologies and methods to be in 

accordance with the international standards.  

▪ Nigerian Government should encourage investors in the energy sector by providing the 

enabling environment. 

▪ A gas flaring price targeting natural gas companies should be more effective in mitigating 

gas flaring than the wider ‘carbon price’ or pollution price/tax policy.  

▪ The Federal Government should provide alternative energy source to mitigate the effect of 

gas flaring on the people and preserve the environment. 
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