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Abstract  
 

Earthquake is one of the foremost natural disasters for Turkey with its potential of occurrence and 
frequency. The recent Kahramanmaraş earthquake that took place in the southeastern Turkey in 
2023 was catastrophic. This catastrophe reminded the necessity of having awareness of and getting 
prepared for potential awaited earthquakes. With this research, it was aimed to measure the intention 
of the society to get prepared for earthquakes in the southwestern region of Turkey that pose 
significant earthquake risk. The probability of having compulsory earthquake insurance (CEI) was 
estimated in Finike and Demre towns of Antalya, Turkey in 2023 after Kahramanmaraş earthquake. 
It was understood that with rising education, awareness and age, the probability of having insured 
rises in the representative districts. Yet, with ageing residency/building and random information, 
the probability declines. This early response emphasized the importance of scientific information of 
the society and better promotion of precautionary actions in the region and in Turkey. 

Key words: Earthquake, Risk, Insurance, Logistic probability, Turkey 
 

1. Introduction  
 
Natural catastrophes are mostly inevitable. However, it is important to take precautions against 
their potential physical, financial, and health-related effects. Turkey has been historically 
known as a centre of periodic earthquake experiences. More than 90 % of country’s lands that 
inhabit 95 % of the national population bear earthquake risks and it is known that 98 % of 
industrial centres and 93 % of energy producing dams are under direct earthquake risk [1]. Since 
the beginning of recorded history, Turkey witnessed many earthquakes and some of them were 
specifically devastating. The number of fatal earthquakes has been almost 20 in the last 100 
years. 
 
The recent Kahramanmaraş earthquake that took place in the southeastern region of Turkey in 
February 2023 was devastating with its mortality effect. Two earthquakes took place centred in 
two towns of the city in the same day, 6th of February, with magnitudes between 7.6 and 7.7. 
The earthquakes affected 11 provinces and more than 50 thousand people died. In addition, 
almost 2 million buildings got damaged, of which more than 500,000 were either collapsed or 
detected to be demolished afterwards [2]. Unfortunately, the earthquake reminded importance 
of preparations considering many aspects as health emergency systems, building structure 
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reinforcement and post-encounter actions as physical and social recovery and reconstruction 
activities. 
 
The public authorities make potential risk assessments for earthquakes and other natural 
disasters at least occasionally. The society has been informed continuously using different tools 
and with both scientific and social approaches. However, whether the society understands the 
importance of precautionary actions for earthquakes and similar natural disasters is still a 
question almost everywhere in the world. Kahramanmaraş earthquake was huge with its 
geographical dispersion and mortality effect. There were two previous devastating earthquakes 
that took place in Marmara Region in 1999, the industrial centre of Turkey. The magnitudes of 
the earthquakes were 7.8 and 7.5 and they led to high mortality of more than 18000 people. The 
loss of building stock was also more than 100000. Due to these catastrophes a need to increase 
societal awareness and level of preparation for potential earthquakes aroused [3]. Turkish 
Catastrophe Insurance Pool (the TCIP) was established in 2000 after Marmara earthquakes, to 
coordinate preparations for potential catastrophes. A Compulsory Earthquake Insurance (CEI) 
was issued at the end of 1999 to cover at least the material losses of the earthquakes and TCIP 
was appointed as the coordinator of insurance system [4]. The recent insurance records were 
overviewed to understand effectiveness of the system. The number of insurance certificates has 
risen steadily from 2.4 million in 2001 to 11,66 million of 20 million buildings in 2023 [5]. The 
rise observed in 2023 was 6.5 % but it was seen that the number of insurance certificates is still 
slightly above half of the existing national building stock. On the other hand, the total amount 
accumulated in the compulsory earthquake insurance pool has been fluctuating since its 
issuance on 1999/2000 as demonstrated in Figure 1. 
 

 

Figure 1. Value of certificates collected in TCIP – value in thousand $ (2001 – 2023) 
 
While the total value was $ 44 million in 2001, the amount rose to almost $ 354 million in 2013 
and reduced steadily afterwards. Following 2023 Kahramanmaraş earthquake, the total amount 
increased by 36 % from $ 146 to almost $ 200 million. 
 
Therefore, the unfortunate 2023 Kahramanmaraş earthquake emphasized the need for assessing 
public awareness and individual preparedness to possible earthquakes countrywide. 
Accordingly, it was aimed with this study to detect the factors that affect individuals’ 
earthquake insurance decisions. The insurance acceptance was analysed and interpreted for the 
Mediterranean region of Turkey with a representative sample of two touristic towns residing in 
southwestern costs of Antalya, that are Demre and Finike. 
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2. The Earthquake Risk in Antalya and Possible Causes 
 
The research was focused on two Antalya towns and this focus needs to be explained. 
Earthquakes with high magnitudes were recorded in the region close to the Lycian coast 
throughout history and felt in Finike and Demre. The epicentre of the earthquake known as the 
Lycian Earthquake, which occurred in 141 AD, was predicted by Guidoboni and friends [6] to 
be between Rhodes island and Marmaris town. It is known that the damage was significant in 
a wide area from Limyra to Patara in this earthquake, and some of these damaged structures 
(especially public buildings) were repaired by Opramoas, a rich and benevolent person from 
Rhodiapolis [7]. A severe earthquake occurred in Finike on November 14th, 1886, and although 
there was no life loss record, it caused the walls of some buildings to split and a few furnace 
chimneys to collapse. The people of Finike left their homes due to fear and anxiety and spent 
the night in tents as recorded in Prime Ministry Ottoman Archives [8]. 
 
The region experienced many earthquakes during the 20th century as well. An earthquake 
having Mw=6.1 magnitude occurred near Finike on April 30th, 1911. An earthquake with an 
epicentre of 32 km south of Finike, at a depth of 10 km and a magnitude of Mw = 6.5 occurred 
on March 18th, 1926. The earthquake resulted in physical damage to 364 buildings and loss of 
life in the region between Kumluca and Fethiye as recorded by Ayhan and his friends in 1981 
[9]. A recent earthquake took place on January 14th, 1969. This earthquake with a 6.3 magnitude 
occurred near Megisti Island, and although there was no loss of life, over 1000 buildings were 
damaged between Kumluca and Fethiye towns of southwestern region of Turkey. It was 
reported that half of the houses in Kalkan settlement had become uninhabitable due to this 
earthquake [10]. 
 
Residing on this historical background, the current situation of the region with regards to 
earthquake risk needs to be overviewed. When the focal points of earthquakes around Antalya 
are analysed in 3D, the earthquakes can be divided into two groups as Crustal earthquakes and 
Subduction zone earthquakes. In the region eleven source zones were defined for crustal 
earthquakes [11]. Among the crustal seismic zones, the C1 seismic zone is sourced by tectonic 
structure which is shown as TT in Figure 2.  
 

 
Figure 2. The earthquake sources of the region 
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This source zone demonstrated is particularly important as it is 25 km away from the current 
research area. In this region, there is a depression called Finike Trench, which is one of the 
deepest regions of the Mediterranean with a depth of 3064 meters [12]. Another tectonic 
structure among crustal resources is the Kekova and Kale faults (KKF) confirmed with different 
studies [13, 14]. These are two parallel faults between Demre and Kaş. These two faults 
demonstrated in Figure 2 have potential to produce an earthquake of magnitude Mw = 6.5. 
 
The earthquake sources of the region are the Cyprus Arc and the Isparta Angle (Figure 2). The 
Cyprus Arc tectonic structure is a subduction fault between Cyprus and Rhodes, south of 
Antalya. This segment of the Cyprus Arc plunges northward, causing the Mediterranean Sea 
floor to subduct beneath Antalya region (Figure 3). 
 

 

Figure 3. Northward subduction between Cyprus and Rhodes, beneath the Antalya region 
 
When we look at the current research area, there are 3 active faults recognized within 50 km 
sphere of Finike and Demre towns. These faults have produced earthquakes up to Mw = 6.5 
since 1900. It is predicted that the region should be prepared for an earthquake of Mw = 7 
magnitude and a horizontal acceleration of 0.37g-0.42g in the future. 
 
Finike and Demre soils are sand, and silt dominated alluvium, formed by the material 
transported via the streams reaching the coast filling the old bays. The groundwater table is 
approximately 2 m deep. There is susceptibility to liquefaction in the fine sand-dominated 
layers in the ground profile. In the liquefaction potential calculations made for Mw = 7 in these 
layers, the ground was found to be liquefiable. These records indicate that there is the possibility 
of witnessing earthquakes with high magnitudes and structures and endurability of current 
building stock in the region do pose mortality risk in contrast to the existent close history. 
 
Accordingly, the awareness and preparation of the society in the targeted towns of Antalya 
province was considered as representative for the southwestern coasts of Turkey. The region 
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and targeted towns are also important in terms of contribution to tourism and agricultural 
income of Turkey. These multidimensional characteristics of the region constituted the 
scientific and socio-economic bases of this research. 
 
3. Materials and Method 
 
The research objective was to estimate and interpret the tendency of individuals to 
have/purchase Compulsory Earthquake Insurance for earthquake preparation and factors 
affecting this decision within a logistic regression framework. Accordingly, primary data was 
retrieved via face-to-face surveys from 471 individuals, 232 in Demre and 239 in Finike towns 
of Antalya in June/July 2023. 
 
With this primary data the probability of having Compulsory Earthquake Insurance (CEI) was 
estimated for the houseowners. There are many uninsured buildings, even if the insurance was 
announced as compulsory. The age and district of the building and having not changed the 
owner recently might be considered as effects of this limited insurance rate. However, the 
response - based evaluation was expected to provide more insights. Accordingly, the attitude 
related probability was estimated with logistic regression which was suggested by Berkson [15] 
in 1944. The probability function can be briefly reported as below. 
 

𝑙𝑜𝑔[𝑃𝑟(𝑌 = 1|𝑥)] = ln [
𝑃𝑟(𝑌 = 1|𝑥)

1 − Pr(𝑌 = 1|𝑥)] =  ∑ 𝛽𝑖𝑥𝑖 + ∑ 𝛼𝑖𝐷𝑖 + 𝑢𝑖 

The probability up to 100 % was estimated in a dichotomous framework and the positive and 
negative factors were detected with this methodology suggested by McFadden [16]. Therefore, 
the variable to be estimated (Y) referred to whether the house owner has CEI for his property 
(1) or not (0). The pre-detected potential factors, either continuous/discrete (x) or dummy 
(dichotomous/polytomous) were enlisted below. 
 
Independent Variables 
• Age: Age of the individual – scale (1: below 30 years old, 2:31-50 years old, 3:51+) 
• Edu: Level of education – scale (1: elementary; 2: secondary; 3: BA/BSc; 4: MSc+) 
• PI: Personal Income – scale (1: below minimum wage; 2: minimum wage; 3: 11.402-
20000, 4: 2001-50000, 5: 50000+, 6: not mentioned, 7: no-income)  
• HHSE: number of people employed in the household – discrete 
• A_B: Age of the building & A_R: Years of residency – scale (1: 0-5 years. 2: 6-10 
years, 3: 11-15 years, 4:15-20 years, 5: 21 years + 
• PRF: The most important factor in apartment/house purchases is price – binary (1: Yes, 
0: otherwise) 
• EQF: The most important factor in apartment/house purchases is resistance to quakes– 
binary (1: Yes, 0: otherwise) 
• Info_CEI: Knowledge on Insurance – binary (1: Yes, 0: No) 
• Info_OIV: Knowledge on Private Communication Tax (OIV) and its relation to 
earthquake– binary (1: Yes, 0: No) 
• Prep_EQ: Evaluation on public preparedness level – scale (1: completely ready, 2: 
ready, 3: no idea, 4: not ready, 5: definitely not ready) 
• Info_EQ: Acceptance after proper information on reasons and results of earthquakes– 
scale (1: complete, 2: have idea, 3: no idea, 4: not ready, 5: definitely not ready) 
• Use_OIV: Belief on Proper Use of Private Communication Tax  – binary (1: Yes, 0: No) 
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• Accept_CEI: Insurance acceptance after proper information– scale (1: completely ready, 
2: ready, 3: no idea, 4: not ready, 5: definitely not ready) 
• FD: Residency – binary (1: Finike, 0: Demre) 

 
Departing from this aggregate variable list, the probability was estimated via Python and using 
machine learning methodology of training and testing the data. After statistical fit tests the 
probability of odds or occurrence were determined from estimates of independent variables [17, 
18]. 
 
4. Estimation of the Tendency to Have CEI 
 
4.1. Estimation Results 
 
A priory, it is important to mention that 105 individuals out of surveyed sample of 471 declared 
that they have CEI. This signed less than 25 % of insured buildings/apartments and very limited 
awareness for the target area that has earthquake risks. The number of insured individuals or 
buildings was 46 in Demre and 59 in Finike towns, with a slightly higher share in Finike. 
Existent awareness on CEI was portrayed with 127 out of 128 individuals’ understanding of the 
Private Communication Tax (OIV) and its relevance to earthquake preparation. Therefore, the 
awareness and acceptance of the audience seemed to be closely related and low. Following this 
brief sample presentation, the reasoning behind this low level of insurance holding and factors 
that can be used to induce insurance capacity were detected and evaluated for the sample. 
 
Afore mentioned independent list were estimated initially and checked with pseudo R2 that refer 
to degree of explanation. As there were many potential determinants, there might be a 
multicollinear significance indicating correlation of the determinants. This collinearity level 
was checked with Variance Inflation Factor of each variable. The factors were demonstrated in 
the Table 1. 
 

Table 1. Variance inflation factors of tendency to have CEI insurance 
 

Estimator VIF Estimator VIF 
Age 7.38 Earthquake Awareness Preference 1.69 
Education 9.13 CEI Knowledge 1.47 
Personal Income 4.39 OIV Knowledge 1.57 
HH Employment 4.35 Rising Public Preparation for Earthquakes 9.14 
Age of Building 10.27 OIV Use 2.39 
Years of Residency 6.27 Rising Information on Earthquakes 1.41 
Price Preference 1.44 CEI Acceptance with Information 2.36 
  Residency – F/D 3.23 

 
The VIF score equal to 1 refers to inexistence of independent correlation between the relevant 
variable and other indicators. The value between 1 and 5 refers to low, 6 and 10 to 
moderate/high and above 10 extreme correlation levels. Depending on this information the 
number of variables were reduced, and three alternative models were estimated and evaluated. 
The model outputs were statistically evaluated with Likelihood Ratio [19] and Log-likelihood 
providing accurate inference on logistic estimation methodology [20]. 
 
In addition to the likelihood of the estimates, AIC [21] and BIC [22] statistics were used to 
compare models and the model with minimum values is suggested. Models including relevant 
independent variables and preferential statistics were demonstrated in Table 2. 
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Table 2. Alternative models that determine tendency to have CEI insurance 
 

Model 1 – 15 independents Model 2 – 11 independents Model 3 – 10 independents 
• Age &Edu &PI & HHSE 
• A_B & A_R & PRF & EQF 
• Info_OIV&Info_EQ 
• Prep_EQ&Use_OIV 
• Info_CEI&Accept_CEI 
• FD Residency 

• Age &Edu &PI 
• A_B & A_R & EQF 
• Info_OIV& Info_EQ 
• Info_CEI&Accept_CEI 
• FD Residency 

• Age &Edu &PI 
• A_R & EQF 
• Info_OIV& Info_EQ 
• Accept_CEI Info_CEI& 
• FD Residency 

AIC: 481.04 
BIC: 547.52 

AIC: 473.73 
BIC: 523.59 

AIC: 491.40 
BIC: 537.10 

Pseudo R2:  0.11 Pseudo R2: 0.11 Pseudo R2: 0.07 
Log-Likelihood: -224.52 
LLR p-value: .351e-06 

Log-Likelihood: -224.87 
LLR p-value: 7.655e-08 

Log-Likelihood: -234.70 
LLR p-value: 0.0001083 

 
According to this classification, the third model was selected to explain the probability with its 
higher Log-Likelihood value in absolute terms. Even if the AIC and BIC selection criteria of 
second model is better, the VIF of age of the building was high with a value above 10. This 
sign of high multicollinearity or inflation of the variance refers to existence of a relationship 
between the building age and other factors obviously [23] and it led us to consider the fit of the 
third model.  
 
Prior to evaluating the parameter estimates and their contribution to the probability of having 
CEI, the fit of the data should be evaluated. Therefore, the accuracy score and classification 
report were checked for these logit estimates with confusion matrix. The selected factors were 
detected to explain the probability by 78 % due to accuracy score and the average significance 
of the probability to have CEI with the relevant variables was 87 %. Therefore, the model and 
estimates were found to be explanatory for the insurance holding probabilities of the sample. 
 
In the final step, inverse logarithms of the estimates were calculated, and odds ratios of the 
factors were retrieved. The odds ratios of parameters that explain the directions of the effects 
were demonstrated in Table 3. Accordingly, it can be noted that the factors that appreciate the 
probability of having earthquake insurance were age, level of education and income, awareness 
on CEI and Private Communication Tax (OIV). 
 

Table 3. Odds of the factors affecting compulsory earthquake insurance 
 

Factor Odds Factor Odds 
Constant 1.01 Info_CEI 1.52 
Age 1.85 Info_OIV 1.86 
Edu 1.45 Info_EQ 0.87 
PI 1.17 Accept_CEI 0.70 
A_R 0.95 FD Residency 0.95 
PRF 1.36   

 
With the rising age of the residency building there seemed to be a descending trend in insurance 
acceptance. Rising information on earthquakes in general terms and rising acceptance of CEI 
seemed to reduce the probability of having insurance. This finding can be related to widespread 
existence of word-of-mouth or random information in the society or reliance of individuals to 
non-scientific information. 
 
Yet, having resided in Finike town seemed to be negatively correlated with the insurance 
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acceptance. However, it is not accurate to conclude that there is a significant difference between 
towns. Rather than removing the negative factors from the system, understanding the reasoning 
behind was considered as more contributory. 
 
4.2. Results and Discussion 
 
It is visible that with age, the need for security rises. Besides, probability of residency ownership 
is mostly higher for older individuals almost everywhere in the world. There was a positive 
relationship between ageing population and tendency for earthquake preparation with insurance 
in New Zealand. However, the society seemed not to be sure about full recovery under disaster 
conditions [24]. 
 
In an attitude evaluation survey in Erzincan province of Turkey, which had witnessed mortality 
involving earthquakes and has future risk, the relationship between awareness and preparation 
level of 400 individuals were assessed in 2016 [25]. It was understood that rising income is 
directive for taking precaution for the sample and the awareness level contributes acceptance 
of the compulsory insurance. Willingness to pay for earthquake insurance was measured in 
South Korea following a moderately severe earthquake and it was found out that risk perception 
or awareness, level of income and house ownership status induce insurance demand [26]. In a 
public survey conducted with almost 1000 individuals in Iran in 2019, significant relationships 
were detected between preparation level and education and homeownership [27]. Income and 
awareness on earthquake seemed to contribute individual insurance purchases in a sample of 
78 individuals from Turkey [28]. The researchers concluded that self-insurance mechanisms 
should be empowered, and urban renewal projects should be supported rather than compulsory 
contribution to TCIP. 
 
Recalling the scope of OIV is also important to understand the relationship between the tax and 
insurance system. The Private Communication Tax (OIV) was introduced for Turkish society 
after the earthquakes of 1999 as a temporary funding tool. This tax is applied to cable TV, 
internet services and mobile use in minutes and messages. By the time, considerable shares of 
other permanent tax types as vehicle or housing taxes were devoted to recovery as well under 
the name of additive taxes. Those additive taxes were eliminated at the end of 2003, but OIV 
became permanent by 2003 [29]. The compulsory tax rate was 7.5 % until 2021 and rose to 10 
% by then [30]. Yet, it was estimated that OIV collected from 1999 to 2022 had been around 
39 billion Dollars in sum and 476 million Dollars in 2023 due to Ministry of Treasury and 
Finance records [31]. However, in contrast to its announcement objective, the tax revenues 
neither must be used solely for earthquake preparation due to tax regulations, nor were used for 
preparation [32]. For our research, the above 1 probability score inferred that with rising 
awareness on the earthquake tax and its uses, tendency to buy insurance plans would be affected 
positively. 
 
Resistance of buildings to a potential earthquake is prioritized by some of the respondents in 
purchasing a house/apartment. For those people, the tendency of having their shelter insured 
seemed to be higher, signifying a correlation between awareness and preparation. However, 
rising information on earthquakes and acceptance of CEI after getting informed seemed to 
reduce the probability, in a contradictory way. The recent impacts may need further sociological 
evaluation. Over-information might be considered as a barrier against precautionary actions as 
well. In a phone survey with around 2000 individuals in California, the USA, it was seen that 
only 15 % of fully informed individuals seemed to have tendency to get prepared [33]. 
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The detected factors affecting the probability of taking precautions against earthquakes with 
insurance in the sample towns were like earlier research findings. The factors related to the 
aggregate socio-economic awareness level like education, information on insurance and 
taxation tools and income appeared as probability rising factors. However, available random 
information on earthquakes and precautionary insurance/tax tools and derogations in residency 
structures seemed to deter the insurance ratio in the society. 
 
5. Conclusion 
 
There are many suggestions that can be derived from these findings. Rising insurance ratio due 
to rising education level is an expected outcome. But, even if there is endowed information in 
mass media or internet, the need for scientific information remains. Therefore, the first but not 
the least important suggestion is that the necessity of scientific information, its translation to 
daily wording and extension across society is still essential. However, considering the 
geological structure of the country, mass information and its detachment from earthquake 
experiences is also required. In other words, society should be kept awake continuously against 
earthquake risks.  
 
Before concluding it is important to note that current research resides on personal responses of 
individuals in representative districts of a region of Turkey that pose important earthquake risk. 
Within the scope of limited sample and increased anxiety level after 2023 earthquake, intentions 
on getting insured in the future were higher. Accordingly, the mindset of people needs to be 
checked in normal condition. This rising interest and tendency was also observed in a sample 
that has higher education, income, total awareness than the national averages as the 
Mediterranean region and focused districts/towns has socio-economic endowments and 
advantages. This socio-economic inference solely is adequate to conclude on the need for 
informing larger audiences.  
 
It is also important to note that follow-up of the awareness and preparation for earthquakes is 
essential for Turkey. Therefore, the audiences need to be surveyed and their preparation level 
should be evaluated by the public institutes and scientific organisations to form new 
precautionary actions in a persistent way. The detected rising insurance demand or tendency 
needs to be evaluated with different samples and followed up in time for policy and tool 
development to reach wider audiences. Besides, development of alternative insurance systems 
that would meet needs of individuals from different regions that have varied earthquake risk 
might be a persuasive act. The insurance companies or financial institutions that offer insurance 
plans can focus on new product development targeting audiences with different endowments 
and needs and may offer different payment plans. This sort of society-oriented policy making 
can be supported by national and regional public authorities. In this scope, scientific knowledge, 
financial evaluation and planning are expected to contribute to preparation for unwanted future 
occasions. 
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Abstract  

Earthquakes are major natural disasters that occur frequently worldwide. They have several 
socioeconomic impacts on countries. At first glance, it seems that as if they cause only large volumes 
of deaths, injuries and destruction. However, in the medium and long run, they cause several other 
impacts such as income, employment and production losses, increased government expenditures, 
inflation explosions and income distortions. All of these impacts are critical especially for 
developing countries that have more vulnerable economies than developed ones. In this respect, this 
study aims to analyse the impacts of massive earthquakes on economic growth and income 
inequality in independent Turkic states. With this purpose, two empirical models are estimated by 
the Generalized Method of Moments (GMM) with panel data covering the period from 1991 – 2022 
for 6 countries. Empirical findings exhibit that major earthquakes do not have significant impacts 
on the economic growth processes of these countries. However, they have significant impacts on 
income distortions. In this manner, it seems that despite massive earthquakes, Turkic states have 
been able to sustain their economic growth processes. However, income inequality has increased as 
a by-product of these disasters. This evidence seems substantial for sustainable development policy 
formations of Turkic states. 

Key words: Earthquakes, Economic growth, Income inequality, Turkic states 
 
1. Introduction  
 
The global climate crisis has been at the scene since the midst of the 20th century. Humanity is 
about reaching the limits of the globe. This fact has already been declared by The Limits to 
Growth Report published in 1972. Specifically, with the inefficient use of global resources, it 
would be impossible to sustain both population and production growth. Even it warns that this 
would cause drastic decreases in both [1]. Since that time, nothing has changed much in terms 
of humankind’s production and consumption patterns. Global warming has accelerated and 
despite sustainability efforts, the problem has deepened.  Beyond the Limits and The Limits to 
Growth: The 30-Year Update was published in 1992 and 2004, respectively. At their last 
update, they warned that ‘Overshoot cannot be sustained without collapse.’. However, they 
have also pointed out that humanity could still reverse the collapse by taking the right actions 
on resource use and waste management [2].  
 
With the rise of global warming and environmental degradation, the volume and severity of 
natural disasters have increased [3, 4]. Technological advancements have provided new tools 
1for forecasting natural disasters such as tsunamis, tornadoes and floods. However, there are 
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still some disasters that cannot be truly foreseen like earthquakes. Fault zones have been 
discovered, their historical behaviours have been analysed and possible future earthquakes have 
been forecasted at all over the World. However, mankind has still inadequate tools to foreseen 
exactly when an earthquake will occur and at which magnitude will it happen. In this manner, 
it seems that we, as humankind, need to deeply understand the impacts of major earthquakes 
and take sustainable policy actions to minimize their socioeconomic costs.  
 
Moreover, transformational changes in international system with the collapse of USSR (Union 
of Soviet Socialist Republics) in 1989, have reshaped the relationships of all countries across 
all over the World [5]. Some countries in the South Caucasus and Central Asia declared their 
independence in 1991. From that time on, historical and ethnic backgrounds of Turkic states 
have brought them together firstly in the Cooperation Council of Turkic-Speaking States and 
then in Organization of Turkic States [6]. All these efforts have been important due to creation 
of a power block in Central Asia. Moreover, the geographical area of these countries has critical 
importance [7]. With its wide range of landscape and climatic conditions, this area seems to be 
on the spotlight of climate crisis researchers in the near future. Moreover, this wide 
geographical area, which includes the main fault zones historically produced massive 
earthquakes. In this context, the main purpose of this study is to analyse the impacts of major 
earthquakes on economic growth and income inequality in independent Turkic states. However, 
there are still inadequate studies on the impacts of earthquakes in this country group. In this 
respect, the empirical results of this study are expected to make a significant contribution to the 
related literature. Hopefully, the empirical results will shed light on the socioeconomic impacts 
of earthquakes in this country group and the development of sustainable policy tools to decrease 
negative impacts. This country group has a special importance due to the fact that their 
independencies are relatively new (apart from Türkiye). Hence, their economies are more 
vulnerable than the similar developing countries. Also, their geography has an important role 
in the contemporary world. What is more, this role is expected to enhance by Turkic World 
Vision-2040. Organization of Turkic States has declared Turkic World Vision-2040 as an act 
focusing on economic and sectoral cooperation in transport. In particular, the use of the Trans-
Caspian East-West Corridor has been targeted to widen and the new Zengezur Corridor has 
been targeted to be jointly built by Türkiye and Azerbaijan. The increase in transportation in 
the region is expected to increase the macroregional economic development in the near future. 
This will lead the region to have a more critical role in the global economy. In this respect, the 
examinations about independent Turkic states have critical importance in the contemporary 
world [8]. In this context, the first section of the study is devoted to the nexus between 
earthquakes and sustainable development in terms of economic growth and income inequality. 
The second section reviews the literature. The third section is devoted to the methodology and 
empirical results. Finally, in the conclusions, sustainable policy recommendations are proposed.  
 
2. Earthquakes as a Natural Fact in Turkic States 
 
Earthquakes are natural disasters that have several socioeconomic consequences in the short, 
medium and long-term. In the course of an earthquake, human, capital and infrastructure losses 
occur. However, this sudden impact is not the only one. From the occurrence of the earthquake 
through the first 6 months, inflation increases; investments in capital and infrastructure 
accelerate and government expenditures for disaster victims increase. From 6 months to 3 years, 
the volume of tourism decreases; foreign direct investments decrease; government expenditures 
increase and income inequality rises. Even after 3 years, structural changes still occur due to 
the earthquake [9]. All these impacts can also be classified as direct, indirect and induced 
impacts. The direct impacts include physical destruction of infrastructure, buildings, machinery 
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and agricultural assets. However, indirect impacts imply that production and income decrease 
due to stock losses. Lastly, induced impacts indicate total effects on macroeconomic variables 
such as GDP (Gross Domestic Product), consumption and inflation [10]. All the 
aforementioned impacts are critical for all economies and nations. However, there is no doubt 
that they are more critical for developing countries in which GDP levels are lower and markets 
are more vulnerable [11]. 
 
Independent Turkic states (Azerbaijan, Kazakhstan, Kyrgyzstan, Turkmenistan, Türkiye and 
Uzbekistan) are developing countries that share the same ethnic historical background [12]. 
After the end of the 1st World War, Republic of Türkiye has been founded in 1923 in Anatolia. 
It had a great success against imperial countries and this new country was a secular bridge 
between Europe and Central Asia [13]. The fundamental notion behind the unity of citizens was 
the Turkic identity and nationalism as the mainstream policy. After the end of the Cold War, 
the USSR collapsed and Azerbaijan, Kazakhstan, Kyrgyzstan, Turkmenistan and Uzbekistan 
announced their liberties one by one in 1991. Hence, the number of independent Turkic states 
increased worldwide with the emergence of these new countries in Central Asia and the 
Caucasus [14]. After that time, independent Turkic states followed friendly foreign policies due 
to their ethno-historical background and linguistic unity. Organization of Turkic States which 
was first established with the heading of the Cooperation Council of Turkic-Speaking States, 
has been the most remarkable attempt to provide a union between independent Turkic states 
[6]. The founders of the organization were Azerbaijan, Kazakhstan, Kyrgyzstan and Türkiye. 
Then Uzbekistan and Turkmenistan joined the organization. The main object of this union has 
been declared as fostering comprehensive cooperation among Turkic states.  It aims to enhance 
cooperation in terms of the economy, science, education, tourism and other fields [15]. 
Although all these efforts are remarkable, there is an underestimated and undiscussable area. 
Natural disasters are at the spotlight of the contemporary world. The magnitudes and 
frequencies of these events have increased because of the global climate crises [3]. More 
importantly, humanity will face more severe disasters. In this sense, it is critical to understand 
the impacts of these disasters on societies and economies.  
 
It’s known that there are several fault zones in Central Asia, the South Caucasus and Anatolia. 
Although the main earthquake area across these countries is Türkiye, other countries have also 
experienced massive earthquakes in their histories. The examples include the Azerbaijan 
Shemakha Earthquake in 1667 (6.9); the Azerbaijan Shemakha Earthquake in 1902 (6.9); the 
Turkmenistan Ashgabat Earthquake in 1929 (7.4); the Turkmenistan Ashgabat Earthquake in 
1948 (7.3); the Turkmenistan Nebitday – Turkmenbashi Earthquake in 2000 (7.0); the 
Uzbekistan Tashkent Earthquake in 1937 (6.5); the Uzbekistan Tashkent Earthquake in 1966 
(6.9); the Uzbekistan Gazli – Bukhara Earthquake in 1976 (7.0); the Uzbekistan Gazli 
Earthquake in 1984 (7.0); the Kazakhstan Vernensk Earthquake in 1887 (7.3); the Kazakhstan 
Alma-Ata Earthquake in 1889 (8.3); the Kazakhstan Alma-Ata Earthquake in 1911 (7.7); the 
Kazakhstan Alma-Ata Earthquake in 1978 (7.1); the Kyrgyzstan Belovodskoje Earthquake in 
1885 (6.9); the Kyrgyzstan Earthquake in 1946 (7.6); the  Kyrgyzstan Toluk Earthquake in 
1992 (7.5). As underlined before, Türkiye is an earthquake country because of its geographical 
features. Several massive earthquakes have occurred in Turkish history such as the Türkiye 
Erzincan Earthquake in 1939 (7.9); the Türkiye Samsun Earthquake in 1943 (7.2); the Türkiye 
Van Earthquake in 1976 (7.5); the Türkiye Golcuk-Kocaeli Earthquake in 1999 (7.8); the 
Türkiye Van Earthquake in 2011 (7.2) and the Türkiye Kahramanmaras Earthquakes in 2023 
(7.8 and 7.6). The values in parentheses are the magnitudes of earthquakes. Table 1 summarizes 
the main active faults across independent Turkic states. All information in Table 1 were 
collected from AFEAD [16]. 
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Table 1. Main active faults across independent Turkic States 

Country Fault 

Azerbaijan 

Main Thrust of Great Caucasus Fault 
Malkamude Thrust Fault 
Kodjashen Fault 
Saliany – Liangabiz Fault 
Apsheron Threshold Fault 
Vandam Fault 

Kazakhstan 

Chingiz – Tarbagatay Fault 
Tarbagatai Fault 
Chingis – Narym Fault 
Karatau Fault 
Kendaktas Fault 
Sarkand Fault 
Main Dzhungarian Fault 

Kyrgyzstan 

Talas – Fergana Fault 
Arslanbob Fault 
Issyk – Ata Fault 
Frontal Terskey Fault 
South Chongkemin Fault 
Chonkurchak Fault 
North Naryn Fault 

Türkiye 

North Anatolian Fault 
East Anatolian Fault 
North Marmara Fault 
Gediz Graben 
Southeast Hellenic Trench 
Great Menderes Graben 
Salt Lake Fault 
Edremit Fault 
Akdag Graben Fault 
Cyprus Trench Fault 

Turkmenistan 

Main Kopet Dagh Fault 
Kum Dagh Fault 
Isak – Cheleken Fault 
Ghiaur Dagh Fault 

Uzbekistan 

North Kuldjuktau Fault 
South Atoynok Fault 
Kulkuduk Fault 
Central Ustiurt Fault 

 
 
All these active faults have produced massive earthquakes in historical manner. Despite 
providing some examples of massive earthquakes in the history of Turkic states, Table 2 
summarizes them with their times and places between 1991 and 2023. This time period was 
selected due to the independence declaration dates of Azerbaijan, Kazakhstan, Kyrgyzstan, 
Turkmenistan and Uzbekistan.  
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Table 2. Massive earthquakes in Independent Turkic States, 1991 – 2023 
 

Date Place Magnitude 
Azerbaijan 

04.06.1999 Agdas, Ucar, Agali 5.4 
25.11.2000 Baku 6.8 
07.05.2012 Zagatala 5.7 
11.05.2017 Iran-Ardabil 5.1 
05.06.2018 Shaki-Zaqatala 5.3 
05.02.2019 Shemakha 5.0 

Kazakhstan 
13.06.2009 Tekeli 6.3 

Kyrgyzstan 
15.05.1992 Osh 6.2 
19.08.1992 Toluk 7.5 
09.01.1997 Dzhergetal, Koshtebe,Kazarman 5.8 
05.09.2002 Not known 5.5 
15.12.2006 Kochkor 5.8 
08.01.2007 Isfaria 6.0 
01.01.2008 Osh 5.6 
05.10.2008 Nora 6.6 
17.11.2015 Osh 5.6 

Turkmenistan 
06.12.2000 Nebitday – Turkmenbashi 7.0 

Uzbekistan 
15.05.1992 Andızhan 6.2 
19.07.2011 Fargona, Violyati 6.1 

Türkiye 
13.03.1992 Erzincan 6.9 
01.10.1995 Dinar, Evciler 6.4 
27.06.1998 Adana, Ceyhan 6.3 
17.08.1999 Istanbul, Kocaeli, Sakarya 7.6 
12.11.1999 Bolu, Duzce, Adapazarı 7.2 
06.06.2000 Cerkes, Cubuk, Orta 6.0 
15.12.2000 Afyon - Bolvadin 6.0 
03.02.2002 Afyon 6.5 
27.01.2003 Saglamtas, Pulumur 6.1 
05.01.2003 Bingol 6.4 
08.03.2010 Elazig 6.1 
23.10.2011 Ercis, Van 7.1 
10.06.2012 Fethiye 6.1 
20.07.2017 Bodrum, Datca 6.6 
24.01.2020 Elazig, Malatya 6.7 
30.10.2020 Izmir 7.0 
06.02.2023 Kahramanmaras 7.8 - 7.6 
20.02.2023 Kahramanmaras, Malatya 6.3 

Note: Since numerous massive earthquakes occurred after 1991, only earthquakes greater than 6.0 in magnitude 
in Türkiye region are included in the table. 
 
When the magnitudes of earthquakes, number of massive earthquakes and number of active 
faults are compared, Türkiye is the riskiest country across Turkic states. However, Kyrgyzstan 
and Azerbaijan are also observed as high risk countries in terms of earthquakes. Given this, 
earthquakes should be one of the main discussion themes of independent Turkic states. In this 
context, it is critical to understand the socioeconomic impacts of earthquakes. 
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3. Literature Analysis 
 
Natural disasters and their impacts received increasing attention in the literature due to the 
increase in both their frequency and magnitude in parallel with the global climate crises. 
However, although the socioeconomic impacts of natural disasters have been discussed in more 
detail over the last 25 years, the macroeconomic impacts of earthquakes have not yet been 
deeply analysed [17, 18]. It is observed from the literature that natural disasters are discussed 
as a general phenomenon in most studies, without examining in greater detail the type of 
disaster. Only few studies have separated these disasters into climatic and geological disasters 
(please see: [19, 20, 21, 22]).  
 
When the socioeconomic impacts of natural disasters are taken into account, most related 
studies have focused on the impacts of natural disasters on economic growth (such as [3, 20, 
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]). However, very few studies have 
focused on the income inequality impacts of these disasters (such as; [19, 34, 37, 38]). 
Moreover, the number of studies focusing on the earthquakes’ macroeconomic impacts is very 
low. These studies can be found in [19, 23, 26, 27, 30, 31, 33, 34, 38, 39, 40, 41].  
 
Another important point in the related literature is the investigations of the studies. It follows 
from the literature that the most of the related studies have investigated negative impacts of 
disasters on economic growth (please see: [23, 3; 25, 39, 27, 28, 29; 31, 42, 34, 41, 35, 43, 9, 
21, 36, 44]). However, some studies have also investigated positive impacts resulting from 
different time periods and country groups (please see: [24, 45, 30; 40, 20, 23]). Even some 
studies have found no significant relationship between natural disasters and economic growth 
(please see: [26, 46, 32]). Lastly, the studies analysing the impacts of disasters on income 
inequality have investigated that disasters increase income inequality (please see: [19, 34, 37]). 
 
Since this study focuses on the impacts of earthquakes, it is important to examine the studies 
having the same axis. In this vein, Huang et al. [23] reported that in Chinese cities, only 
moderate and strong earthquakes had negative impacts on economic growth from 1999 to 2014. 
However, Fisker [33] underlined that earthquakes decrease the growth levels of regions where 
they exist. But when it comes to the nation-level, other regions’ growths may neutralize the 
negative impact at the national level. Similarly, Onuma et al. [39] analysed 173 countries 
between 1960 and 2010 and they found that earthquakes have negative impacts only in the 
midterm. Similarly, Skidmore and Toya [22] explored the relationships between natural 
disasters and macroeconomic indicators. They found that climatic disasters are positively 
correlated with economic growth, while geological disasters are negatively correlated. Noy [21] 
analysed different country sets as to their development levels and the results showed that 
disaster shocks on macroeconomy are handled better in developed countries. Wu and Guo [26] 
conducted an analysis of 31 Chinese provinces between 2000 and 2010. They found that 
earthquakes have no significant impact on economic growth in Chinese provinces. However, 
Best and Burke [27] conducted an analysis of Haiti between 2004 and 2014 and they have 
investigated that earthquake had negative impact on economic growth. Loayza et al. [20] used 
a cross-country panel data set for the 1961 – 2005 period and they investigated significant 
impacts of disasters on economic growth. But they underlined that effects are not always 
negative. Lackner [30] conducted an analysis for 195 countries between years of 1973 – 2015. 
Empirical results showed that earthquakes have negative long-run impacts on economic growth 
in low- and middle-income countries. However, they have positive impacts in high income 
countries. Zhao et al. [31] conducted a panel data analysis of 181 county-level cities in Sichuan 
Province in China between 2003 and 2013. They underlined that the Wenchuan Earthquake had 
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a negative impact on economic growth. However, the recovery period may neutralize this 
negative impact. Sahin and Yavuz [40] also conducted an analysis of 4 OECD (Organisation 
for Economic Cooperation and Development) countries between 2005 and 2014 and they found 
that earthquakes positively affect production in Canada, Chile and Greece. However, they have 
no impact on Türkiye. Yamamura [19] investigated for 86 countries and the 1965 – 2004 period 
that natural disasters increase income inequality in short-term. However, this impact disappears 
in the long-term. Felbermayr and Gröschl [41] conducted an analysis of 108 countries between 
1979 and 2010 years and they detected that poor countries are mainly (and negatively) affected 
by strong earthquakes. Barone and Mocetti [34] analysed impacts of earthquakes occurred in 
Italy in 1976 and 1980. They underlined that earthquakes may decrease growth and increase 
inequality in cases of weak institutions and the lack of financial aid. Anbarci et al. [38] 
estimated a panel data model for 26 countries and the 1960 – 2002 period and they found that 
developed countries are affected less by earthquakes. 
 
When the aforementioned studies are examined, it seems that there is no study analyzing 
independent Turkic states in the context of macroeconomic impacts of earthquakes. Although 
there are several studies in spite of massive earthquakes in this country group (such as [47, 48, 
49, 50]), they neither examine their impacts on economic growth and income inequality, nor 
analyse the related countries as a group. In this context, this paper is the first study analyzing 
independent Turkic states in terms of macroeconomic impacts of massive earthquakes. 
Moreover, this paper contributes to the literature on the point that it analyses the period after 
1991 for this country group. This starting date was determined as to the independence 
declarations of Azerbaijan, Kazakhstan, Kyrgyzstan, Turkmenistan and Uzbekistan. 
Consequently, the empirical findings may have critical importance for policy formation in these 
countries. 
 
4. Methodology 
 
4.1. Data and Models 
 
Three different types of data sets can be used in econometric analyses as time series data set, 
cross-sectional data set and panel data set. Panel data has some superiorities over two other data 
sets. First, they provide more efficient estimations due to higher degrees of freedom [51]. 
Second, they decrease the possibility of multicollinearity between independent variables. Third, 
by taking into account both time and cross section dimensions, they make it possible to deepen 
the analyses [52]. In this study, a panel data set covering the 1991 – 2022 period and 6 
independent Turkic states, are used. This time period has been selected due to the declaration 
of independence of 5 Turkic states (Azerbaijan, Kazakhstan, Kyrgyzstan, Turkmenistan and 
Uzbekistan).  
 
Two different models are estimated in this panel data context. The first model tries to estimate 
the determinants of economic growth and the second model tends to estimate the determinants 
of income inequality. In this sense, the dependent variable of the first model is the economic 
growth rate and the dependent variable of the second model is the GINI coefficient. The 
independent variables of the first model are gross fixed capital formation, labour force 
participation rate, earthquakes and the lagged value of the economic growth rate. Additionally, 
the independent variables of the second model are the economic growth rate, inflation, 
unemployment and earthquakes. Table 3 summarizes the variables and their notations. 
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Table 3. Variables and their notations 

Model 1 Model 2 
Notation Variable Notation Variable 

GROWTH Economic Growth Rate GINI GINI Index 
GFCF Gross Fixed Capital 

Formation Rate 
GROWTH Economic Growth Rate 

LFPR Labor Force Participation 
Rate 

INF Inflation Rate 

GROWTH(-1) One Year Lagged Value 
of Economic Growth 

UNEMP Unemployment Rate 

QUAKE Earthquakes QUAKE Earthquakes 
RD Research and 

Development 
  

 
In the first model, GROWTH is the annual percentage growth of Gross Domestic Product 
(GDP) and GFCF is the gross fixed capital formation as a percentage of GDP. LFPR is the labor 
force as a percentage of total population between the ages 15 and 64. RD is research and 
development expenditures as a percentage of GDP. QUAKE is a dummy variable expressing 
the earthquakes greater than the magnitude 5.0. Dummy variables are dichotomous variables 
that are constructed with a qualitative approach. In this sense, they are formed from 1s and 0s 
[52]. They provide ease to measure the impacts of qualitative variables and hence increase the 
explanatory power of the regression [53]. In our model, the existence of massive earthquakes 
is demonstrated by QUAKE dummy variable. In this manner, if at least one earthquake with a 
magnitude greater than 5.0, has occurred in a year, then it’s marked as 1 in the series. Finally, 
GROWTH(-1) is the one-year lagged value of economic growth rate. This variable is added to 
the model because the economic growth process expresses path dependency [3, 29, 55, 56, 57]. 
The first model can be expressed as follows: 
 
GROWTHit = β0 + β1GFCFit + β2LFPRit + β3RDit + β4QUAKEit + β5GROWTH(-1)it +eit            (1) 
 
where, i expresses the cross section dimension and t expresses the time dimension. Finally, e is 
the error term.  
 
In the second model, GINI refers to the GINI coefficient indicating income inequality. It 
measures the distribution of income across a nation. As much it deviates from 0, income 
inequality increases so much [57]. Moreover, GROWTH variable is the annual percentage 
growth of GDP as in the first model. INF is the annual percentage increase in consumer prices. 
UNEMP is the unemployment rate as a percentage of total laborforce. And lastly, QUAKE is 
the earthquake dummy as in the first model. Apart from earthquakes data, all other data have 
been retrieved from World Development Indicators Database [77]. However, earthquakes data 
have been retrieved from NOAA (National Centers for Environmental Information) [76] and 
KOERI BOUN (Bogazici University Kandilli Observatory and Earthquake Research Institute) 
[75].  The expression of the second model where i expressing cross section dimension, t 
expressing time dimension and e expressing error term, is expressed as follows: 
 
GINIit = β0 + β1GROWTHit + β2INFit + β3UNEMPit + β4QUAKEit +eit                 (2) 
 
Both models were constructed following the related literature. The first model is a basic Solow 
Growth Model based on Cobb-Douglas Production Function Approach. In this approach, output 
level is determined mainly by physical capital, labor force and production technology. This 
model is enhanced by the addition of natural disasters (please see: [24, 3, 30, 41, 33, 20, 21, 
59]). However, there are different results in terms of the impacts of earthquakes on economic 
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growth process. Although most of the studies have found negative impacts of earthquakes on 
economic growth [3, 30, 41, 33, 21], some of them have found no impact [20] and even some 
studies have found positive impacts due to the recovery affords in the long-run [24]. Across all 
these studies, some evidences have pointed out that impacts change as to countries/country 
groups and time span [24, 20, 59].  
 
The second model is based on the sustainability approach in terms of income inequality (please 
see: [60, 61; 19, 37, 38, 62, 63]). In this context, following the related literature, the main 
determinants of the Gini coefficient have been taken into account and earthquakes have been 
added as another factor affecting income inequality in the model. Again there are contradicting 
empirical results in the literature. As an example, Keerthiratne and Tol [60] found that 
earthquakes decrease income inequality in Sri Lanka. However, Yamamura [19] underlined that 
earthquakes may increase income inequality in the short-run, but this effect may disappear in 
the long-run.   
 
4.2. Empirical Methods and Results 
 
In this study, two models are estimated via panel data analysis methods to test the impacts of 
earthquakes on economic growth and income inequality. In this respect, firstly, cross section 
dependencies of series were checked. This is an important step because if cross sectional 
dependency exists, then second generation unit root tests should be applied to check the validity 
of stationarity. First generation unit root tests produce erroneous results when cross sectional 
dependency ignorance [64, 65]. While checking the cross section dependency, it is critical to 
select a suitable test for the related data set. There are frequently used different tests as Breush-
Pagan LM Test, Pesaran Scaled LM Test, Bias-Corrected Scaled LM Test and Pesaran CD Test. 
When cross section dimension is low (i=6) and time dimension is long enough (t= 31), Breusch 
– Pagan LM Test is suitable to apply [66, 67]. Null hypothesis of this test assumes no cross 
section dependency. Since QUAKE is a dummy variable set, cross section dependency test was 
not conducted for this series. Table 4 expresses Breusch – Pagan LM Test results for the series 
in the first model. 
 

Table 4. Breusch – Pagan LM Test results for the growth model 
 

Series t Statistic Probability Evidence 
GROWTH 167.5007 0.0000 Cross section dependency 

GFCF 33.37421 0.0042 Cross section dependency 
LFPR 170.2333 0.0000 Cross section dependency 

RD 120.4142 0.0000 Cross section dependency 
 
 
The Breusch-Pagam LM Test results show that all four series have cross section dependency. 
In this case, second generation unit root tests should be applied to check the validity of 
stationarity. Pesaran [67] has proposed the CIPS unit root test which has built upon IPS (Im, 
Pesaran and Shin) Test and aimed to improve its performance in panel data. The CIPS Test is 
especially effective when the time dimension is relatively large [68]. Table 5 summarizes the 
results of the CIPS Unit Root Test. 
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Table 5. CIPS Unit Root Test results for the growth model 

 
Series t Statistic Probability Evidence 

GROWTH -3.02329 <0.01 Stationary 
GFCF -2.55220 <0.05 Stationary 
LFPR -2.22270 <0.10 Stationary 

RD -1.18906 >=0.10 Not stationary 
 

Table 5 exhibits that GROWTH has no unit root problem at 1% significance level. GFCF and 
LFPR do not also have unit root problems at the 5% and 10% significance levels respectively. 
However, RD has unit root problem. In this sense, first difference of the series has been taken 
and then the CIPS test was applied again. The test results showed that t statistic is 3.73702 
indicating stationarity at 1% significance level. Hence, the first difference of RD has been used 
in our model. After detecting the stationarity of series, the next step is determining the type of 
the model to estimate. In this manner, a panel data model may either be fixed effects model or 
random effects model and Hausman Test expresses true type of model to be estimated. The null 
hypothesis of this test assumes the validity of fixed effects, while the alternative hypothesis 
assumes random effects [69]. Table 6 exhibits the Hausman Test results for the first model. 

Table 6. Hausman Test results for the growth model 
 

Model Chi-Sq. Statistic Probability Evidence 
Growth Model 1.647824 0.8954 Random Effects 

  

After determining the type of the model, the GMM technique was used to estimate the first 
model. The GMM Technique which has a superiority over Maximum Likelihood, has been a 
widely used technique in panel data [70]. It is widely accepted that Least Squares Procedure 
produces large biases in panel data and what is more is that Maximum Likelihood Method is 
also insufficient to estimate true model [71]. Lagged values of the independent variables have 
been used as instrumental variables. Lag selection were made through AIC criteria [71]. Table 
7 shows the GMM estimation results. 

Table 7. GMM estimation results of the growth model 
 

Variable Coefficient t-Statistic Probability 
Constant -16.64984 -1.925621 0.0568* 

GFCF 0.172461 1.934909 0.0557* 
LFPR 0.171951 0.171951 0.0743* 

QUAKES 8.140416 8.140416 0.1194 
GROWTH(-1) 0.810792 0.810792 0.0000*** 

Note: * stands for 10% significance level; ** stands for 5% significance level and *** stands for 1% 
significance level. 

 

The estimation results show that as expected, gross fixed capital formation, the labour force 
participation rate and one-year lagged value of economic growth are all statistically significant 
and have positive impact on economic growth rate. However, earthquakes greater than 5.0 
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magnitude has no statistically significant impact on the economic growth rate. This evidence is 
consistent with the findings of [24], [20] and [59].  

For a more in-depth analysis, the second model is conducted. This model assumes that the 
existence of massive earthquakes is a determinant of income inequality. Again, the Breusch-
Pagan LM Test was conducted as the first step. Since the GINI is an index series and QUAKE 
is a dummy variable series, their cross section dependencies have not been detected.  Table 8 
summarizes the results for the series. 

Table 8. Breusch – Pagan LM Test results for the income inequality model 
 

Series t Statistic Probability Evidence 
INF 65.76880 0.0000 Cross section dependency 

UNEMP 217.5324 0.0000 Cross section dependency 
GROWTH 167.5007 0.0000 Cross section dependency 

 

Since all the series have cross section dependency, the next step is to check the validity of the 
stationarity. In this manner, CIPS unit root test was conducted. Table 9 summarizes the results. 

Table 9. CIPS Unit Root Test results for the income inequality model 
 

Series t Statistic Probability Evidence 
INF -1.26983 >=0.10 Not stationary 

UNEMP -1.32631 >=0.10 Not stationary 
GROWTH -3.02329 <0.01 Stationary 

 

It is observed from the results that while inflation and unemployment are not stationary at the 
level, growth is stationary. Therefore, the first difference of both series have been taken and 
stationarity has been detected. CIPS results have proved that both series are stationary at their 
fisrt differenced forms. INF had -2.418 t-statistic value and UNEMP had -3.508 t-statistic value 
indicating statistical significances at 10% and 1% respectively. After handling stationary series, 
the Hausman Test has been applied to determine the type of the model. Table 10 exhibits the 
results. 

Table 10. Hausman Test results for the income inequality model 
 

Model Chi-Sq. Statistic Probability Evidence 
Income Inequality Model 5.144645 0.2728 Random Effects 

 

The Hausman Test Results indicate that Income Inequality Model has also the form of random 
effects. In this manner, GMM estimation has been conducted with random effects in our model. 
Table 11 shows the empirical results. 
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Table 11. GMM estimation results for the income inequality model 
 

Variable Coefficient t-Statistic Probability 
Constant 23.29859 8.909452 0.0000*** 

INF 0.401101 0.784368                0.4366 
UNEMP 7.617754 3.222919 0.0023** 

GROWTH 1.161668 2.590098 0.0126** 
QUAKES 11.90413 5.024242 0.0000*** 

Note: * stands for 10% significance level; ** stands for 5% significance level and *** stands for 1% 
significance level. 

 

The estimation results show that unemployment, economic growth and earthquakes are the 
determinants of GINI coefficients in Turkic states. However, it seems that inflation has no 
statistically significant effect on income inequality. Moreover, all the significant determinants 
have positive impacts on the dependent variable. For the sake of clarity, it is important to 
remember that the higher the GINI coefficient means the higher distortions in income 
inequality. In this manner, it is observed that as unemployment and economic growth rate 
increase, income inequality increases, too. Also, the occurrence of massive earthquakes 
increases income inequality in this country group. 

5. Conclusions  
 
Earthquakes are natural disasters of that existences cannot be foreseen all the time and impacts 
are great in both fatalities and damages. Since the global climate crisis began, the number and 
magnitude of natural disasters have increased. Recently, two devastating earthquakes occurred 
in Türkiye on February 6, 2023. This has caused thousands of people to die and numerous 
buildings and infrastructure to collapse. Other independent Turkic states have also experienced 
massive earthquakes in recent years. With their destructive results, earthquakes seem critical 
for all these countries. Moreover, all independent Turkic states are classified as developing 
countries. Such countries are characterized with less developed industrial structures and lower 
human development levels.2 Azerbaijan, Kazakhstan, Kyrgyzstan, Turkmenistan and 
Uzbekistan have gained their independences in 1991. Since they had been under the control of 
the USSR for a long time period, it is critical for them to establish appropriate public policies 
for sustainable development. Also, their geography has a strategic role in the contemporary 
world. Organization of Turkic States has declared Turkic World Vision-2040 for the extended 
use of the Trans-Caspian East-West Corridor and for the joint construction of new Zengezur 
Corridor. It’s expected that higher transportation rates will lead to higher strategic importance 
of this region in the near future. In this respect, the examinations about independent Turkic 
states have critical importance [8]. 

Following all these facts, this study tries to shed light on the impacts of massive earthquakes 
on economic growth and income inequality in Turkic states. Empirical findings suggest that 
earthquakes have no statistically significant impact on economic growth. However, these 
findings are in line with the literature. Most of the empirical studies have investigated that 
earthquakes have no significant impact or they have positive impacts in the long run. This result 
occurs due to high investments on the earthquake region. If these investments are supported by 
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structural reforms, excellent planning and strong institutions, it is possible to overcome short-
run negative impacts [32, 46, 35]. However, economic growth is a quantitative notion and 
cannot tell us everything about the sustainability. In this manner, it is important to research the 
sustainability facts behind the earthquakes. At this point, a basic question arises. What if 
earthquakes do not affect the growth process but detoriate income distribution? Empirical 
analyses of this study investigated that the existence of massive earthquakes in Turkic states 
between 1991 and 2022, causes higher income inequality. Again this result is in the same line 
with the related literature. Although there are only few studies examining this relationship, the 
existed ones have underlined that massive earthquakes increase income inequality [37]. 
However, here there is an important explanation in the literature, too. Nearly all studies 
examining the impacts of natural disasters on income inequality have underlined that less 
developed and developing countries have been affected more from disasters [45, 30, 36]. In this 
sense, there is a policy dilemma for developing countries as choosing to invest in structural 
reforms in terms of disaster-resilient societies or choosing to invest in growth-oriented policies. 
The first is probably time-consuming and costly but the latter means greater fatalities and 
damage in the case of a massive earthquake. Growth-oriented policies may increase GDP per 
capita in the short-run but it will not sustain welfare in the long-run. In this case, societal well-
being would be underestimated and sustainable development would be laid aside.  

In summary, massive earthquakes seem critical for the sustainable development journeys of 
independent Turkic states. Historically, devastating earthquakes have been experienced several 
times in each country and it seems that the frequency of natural disasters will increase in the 
near future. In this manner, it is important to take right policy actions in terms of sustainability. 
Precautions seem critical for earthquake-resilient societies and economies.    

Notes 
 
1. In these studies, there is an implicit assumption that earthquakes are independent of the 
global climate crisis. However, since the world is an integrated complex system [72], actually 
it is impossible to think earthquakes apart from the climate crisis. 
 
2. For the list of developing countries, please visit [73]. 
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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.   

 
Key words: Time series, Evaluating, Changes, Vegetation cover and health, Environmental science  
 

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 



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                78 

 

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 
 
  



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                86 

 

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) 
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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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