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INTRODUCTION  

Soil moisture is an essential element of the environment, modulating crop production, 
hydrological cycle and meteorology via its influence on surface water exchange and heat and 
through comprehensive soil–vegetation–atmosphere continuum (Pradhan, 2019; Srivastava et 
al., 2023). It is an important variable in understanding water cycle, weather prediction, and water 
resources management, particularly in agriculture because it is an indicator of agricultural 
drought (Ryu et al., 2021). Furthermore, understanding various biogeochemical processes is 
heavily reliant on soil moisture content (Wang et al., 2015), because it allows us to monitor the 
land surface's mass and energy balance, which includes transpiration, surface overflow, soil 
formation and solute movement, and precipitation (Wang et al., 2021). Soil moisture fluctuates 
widely across spatial and temporal scales due to the complexity of environmental conditions and 
their multimodal influences.  
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 ABSTRACT 
Soil moisture indicates the dryness of the ground surface. This phenomenon 
is directly tied to vegetation quality and Land Surface Temperature in a 
specific place. As a result, these characteristics indirectly describe the dryness 
of the ground surface. This study assessed agricultural drought in Niger River 
in Nigeria. Data used include MODIS driven MOD13Q1 (NDVI), and MOD11A2 
(LST) datasets obtained from Land Processes Distributed Active Archive 
Center. These datasets were used to compute Vegetation Condition Index 
(VCI) and Vegetation Health Index (VHI) in Niger River Basin, Nigeria. 
Additionally, correlation and regression analyses were used to check the 
relationship between LST and NDVI. Results revealed that the mean NDVI for 
the year 2002 is 0.494, 0.477 in 2007, 0.468 in 2012, 0.458 in 2017 and 0.430 
in 2022. The mean LST in Niger River Basin for year 2002 is 32.28 oC, 32.12 
oC in 2007, 32.35 oC in 2012, 33.20 oC in 2017 and 33.41 oC in 2022. For the 
statistical relationship between NDVI and LST, results exhibited negative 
correlation, with -0.33 in 2002, -0.43 in 2007, -0.42 in 2012, -0.36 in 2017 and 
-0.27 in 2022. For the VCI results, findings revealed that the mean VCI in the 
basin was 83.73 in 2002, 64.26 in 2007, 56.76 in 2012, 45.32 in 2017, and 
14.93 in 2023. Also, the VHI results revealed that the mean VHI in the basin 
was 75.44 in 2002, 69.54 in 2007, 61.02 in 2010, 37.22 in 2017 and 18.87 in 
2022. The study therefore concluded that vegetation is decreasing in the 
basin, while land surface temperature is increasing. 
 
Keywords: Vegetation Health Index, Vegetation Condition Index, Soil Moisture, Niger 
River Basin 
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Soil moisture influences the distribution of rainfall into stream flow, surface overflow, 
infiltration, and groundwater inflow (Ghajarnia et al., 2020). Consequently, soil moisture is key 
to understanding crop water stress and in estimating yield, because it is a very good indicator of 
general soil conditions (Yang et al., 2023). It is in this regard that agricultural drought is loosely 
used to refer to soil moisture deficit (Huang et al., 2020).Thus, changes in soil moisture, especially 
decrease or loss, is as a result of drought, and can disrupt the regular interchange between 
vegetation and the biogeochemical constituents of the soil (Amiri et al., 2020).  

All over the world, irrigation and rainfed agriculture are the most common agricultural 
practices, with irrigated farmlands accounting for 18% of the world's total farmlands and 40% of 
its overall agricultural production, and rainfed farmlands accounting for 82.2% of the world's 
entire farmlands and 60.0% of its overall agricultural production (United Nations Commission on 
Sustainable Development (UNCSD), 2020). In the Niger River Basin particularly, over 70% of the 
population lives in places where food security is dependent on unpredictable rainfall (Olatunji, 
2023). Elsewhere in sub-Saharan Africa, drought poses a serious threat to food security and is a 
factor in declining crop yields globally and fiscal deficits (Yang et al., 2023). Additionally, semi-
arid climate regions will continue to grow in size, which make crop yields and socioeconomic 
development more difficult (Cetin et al., 2023). Therefore, irrigation system should be efficient in 
order to ensure adequate food production. In addition, climate change effects already apparent 
to the unaided eye worldwide. Flooding and drought events, two hydrological phenomena 
associated to climate change, have recently escalated. Researchers issue a warning that these 
phenomena will only get worse (Furtak & Wolińska, 2023).  

Historically, the Niger River Basin has been experiencing drought due to decreasing 
rainfall since 1970s (Ogunrinde et al., 2023; Olatunji, 2023). This has led to devastating 
hydrological and meteorological drought in the region (Oloruntade et al., 2017). Additionally, this 
extreme is not a recent occurrence, because available records showed frequent drought events in 
the past with various intensities, leading to famine resulting from crop failure (Murtala et al., 
2018). Furthermore, large part of the country is within the Sudano-Sahelian Savannah, a region 
characterized by dryness and low rainfall (Medugu et al., 2011). In addition, drought analysis 
between 1900 and 2013 suggested that severe droughts in Northern Nigeria caused enormous 
socioeconomic and environmental consequences (Masih et al., 2014). 

Field measurements of soil moisture can offer comparatively precise estimation of soil 
moisture, but these methods are constrained by the need for a number of instruments, which may 
be difficult to gather in order to sufficiently study a broad region (Pradhan, 2019). Additionally, 
such measurements are more suitable for a relatively small geographic area. Hence, due to 
technological advancement in remote sensing, several methodological approaches have been 
used to determine soil moisture. These include numerous methods such as the Temperature 
Vegetation Dryness Index (TVDI) and Normalized Difference Moisture Index (NDMI) (Gao et al., 
2011; Maduako et al., 2017; Meng et al., 2008; Przeździecki et al., 2023); Temperature Vegetation 
Precipitation Dryness Index (TVPDI), remote sensing derived Vegetation Condition Index (VCI) 
(Ali et al., 2023; Dutta et al., 2015; Wei et al., 2020); Empirical Standardized Soil Moisture Index 
(ESSMI) and Comprehensive Agricultural Drought Index (CADI) (Carrão et al., 2016; Yang et al., 
2023). 

Moderate Resolution Imaging Spectroradiometer (MODIS) has different datasets that 
have been used in environmental monitoring (Wassie et al., 2022). For example, the MODIS 
(MCD12Q1) has been used in land use and land cover evaluation (Kloos et al., 2021), while MODIS 
(MOD13Q1) has been used in vegetation assessment and drought monitoring (Fathi-Taperasht et 
al., 2022), by integrating the MODIS (MOD11A2) land surface temperature datasets. These 
different datasets have been used to compute drought indices such as Temperature Condition 
Index (TCI), Vegetation Condition Index (VCI),and the Vegetation Health Index (VHI) for 
assessment of soil moisture all over the world (de Lima et al., 2023; Shamloo et al., 2022; Tran et 
al., 2023). 

The Niger River Basin Development Authority was created to focus on food production 
through irrigation, in order to realize the country's close relationship between food and water 
security (Babatolu et al., 2014). The area is known for agricultural production; however, periodic 
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droughts are threatening food security in the region. A few researchers focused on the assessment 
of meteorological drought in the basin (Okpara, 2022), soil moisture assessment (Badou et al., 
2019). Thus, there are limited studies on the spatial and temporal variations of agricultural 
drought in the Niger River Basin. Therefore, the goal of this paper is to estimate soil moisture by 
combining vegetation and temperature in the Niger River Basin, and account for the physical 
characteristics of soil moisture. This study aims to examine the spatiotemporal variation of 
vegetation and land surface temperature, and to estimate agricultural drought using a 
combination of LST and NDVI to calculate VCI and VHI. This study is crucial in investigating how 
the spatial organization of soil moisture functions and use the knowledge gained to help food 
security, conservation efforts, restoration, and future land-use planning. 

 
STUDY AREA 

The Niger River Basin is located in Nigeria between latitude 7°4’13” and 11°28’30” North of 
the Equator and between longitudes 2°40’32” and 8°51’5” East of the Greenwich Meridian (See 
Figure 1). Climate of the basin is influenced by northeasterly trade winds moving southwards, 
and the southwesterly winds moving northwards, which influence the seasonal movement of the 
ITCZ. Annual Mean temperature in the basin ranges from 22oC in the northeastern part to 27 oC 
in the southern part (Nigerian Meteorological Agency, 2018). The northern part of the basin 
records about 100mm, while the southern part records up to 1300mm across two defined 
seasons (Bello, 1987).  Elevation of the basin in the south is about 600m and up to 1200m in the 
north, separated by the Niger River, with the highlands serving as the source of most of the 
tributaries of the River Niger. Major tributaries of the river include River Kaduna, Kampe, Swashi, 
Moshi, Awon, River Kontagora, River Mariga, the Eku River and Oyun (Babatolu & Akinnubi, 
2014).  Apart from the Niger drain, the basin is characterized by the guinea savanna which 
declines as you move northward due reduced rainfall amount (Adekunle et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Study Area 
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METHODS 

Data Sources 

This study used datasets from pre-processed Moderate Resolution Imaging Spectrometer 
(MODIS). The MOD13Q1, a 16-day average NDVI with 250m spatial resolution (Figure 2). 
MOD11A2, an 8-day average Land Surface Temperature (LST), with 1km spatial resolution 
(NASA, 2023). These MOD13Q1 and MOD11A2 were resampled using ArcGIS Pro. The MODIS 
derived vegetation and LST indices have been used in global monitoring of drought (Xie & Fan, 
2021). The average annual values of the NDVI and LST were obtained from Land Processes 
Distributed Active Archive Center (LP DAAC) using Google Earth Engine and processed using 
ArcGIS Pro.  

 

Drought Monitoring  

To determine the variation in soil moisture in Niger River Basin, Nigeria, vegetation 

condition and vegetation health indices were applied. According to Zeng et al. (2022), the VCI for 

a particular year is calculated using Equation 1.  

𝑉𝐶𝐼 =  
𝑁𝐷𝑉𝐼 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛

𝑁𝐷𝑉𝐼𝑚𝑎𝑥− 𝑁𝐷𝑉𝐼𝑚𝑖𝑛
     (1) 

Where, NDVI is the value of vegetation in a referenced period, and NDVImin and NDVImax are the 

lowest and highest values of NDVI for all pixels and years. In order to compute the Temperature 

Condition Index (TCI) (Patel et al., 2012), the following formula was used (Equation 2) : 

𝑇𝐶𝐼 =  
𝐿𝑆𝑇𝑚𝑎𝑥−𝐿𝑆𝑇

𝐿𝑆𝑇𝑚𝑎𝑥− 𝐿𝑆𝑇𝑚𝑖𝑛
      (2) 

Where, LST is the value of surface temperature for referenced period. LSTmin and LSTmax are 

the lowest and highest values of LST for all the periods. According to Karnieli et al. (2019), the 

VHI is regarded as the overall health of the vegetation, and it is applied in identifying drought. A 

combination of VCI and TCI are used to calculate VHI as follows (Equation 3):  

𝑉𝐻𝐼 = 𝑎 𝑥 𝑉𝐶𝐼 + (1 − 𝑎) 𝑥 𝑇𝐶𝐼                                                (3) 

Where, a as certain the influences of the VCI and the TCI to the VHI, which varies in the basin, due 
to various factors in the environment. The original VHI (VHIori) presumes that water demand 
and temperature have the same contribution to plant growth. Using other approaches by 
Monteleone et al. (2020), VHI was used as the basis to classify level of droughts in the Niger River 
Basin. Furthermore, the VHI ranges from 0 to 100, indicating vegetation changes from extremely 
poor (0) to excellent (100). Average conditions are colored yellow (50), which changes to brown 
and dark brown when the vegetation conditions decline (Table 1). 

      Table 1. Drought classification using vegetation health index (Fathi-Taperasht et al., 2022) 

Drought type VHI 
Extreme drought <0.1 
Severe drought 0.1-0.2 
Moderate drought 0.2-0.3 
Mild drought 0.3-0.4 
No drought >0.4 
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Figure 2. Research Framework 

Statistical Analysis 

To examine the interconnection between vegetation and land surface temperature in Niger 

River Basin, Nigeria, the NDVI and LST for the years 2002, 2007, 2012, 2017 and 2022 were 

extracted to multipoint on ArcGIS Pro. These points were exported as comma delimited (.csv) 

format and were correlated using Pearson Moment Correlation. Results of Pearson correlation 

coefficient varies between −1 and +1; with positive values indicating a direct relationship, and 

negative values indicating an inverse relationship between two variables (Fathi-Taperasht et al., 

2022). Any coefficient |r|≥0.7 indicates a strong association (Ismail et al., 2024). This was carried 

out using Multi-Environment Trial Analysis (metan) package on R-Studio.   
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RESULTS AND DISCUSSION 

Spatiotemporal Variation in Vegetation Using Normalized Differential Vegetation Index 

in Niger River Basin, Nigeria 
This study analyzed the vegetation change for the years 2002, 2007, 2012, 2017 and 2022. 

The results are shown in Figure 3. The NDVI index ranges from -1 to 1. The lower the value of the 
NDVI, the poorer the vegetation condition, while the higher the NDVI value, the healthier the 
vegetation. In 2002, the mean annual NDVI was calculated from MOD13Q1 using Google Earth 
Engine. Figure 3a shows the spatial variation of NDVI in the Niger River Basin. The lowest NDVI 
was -0.1383 and the highest was 0.738. Low NDVI values are red, while high NDVI values are 
colored green. Lowest NDVI values were found along the Niger and Kaduna Rivers, Shiroro Dam 
and within the urban areas, while the highest values were concentrated towards the 
southwestern part of the basin. In 2007, Figure 3b the lowest NDVI value was -0.131 and the 
highest was 0.718. NDVI with lowest values were dominated along the Niger and Kaduna Rivers, 
Shiroro Dam and within the urban areas, while the maximum value is concentrated towards the 
southern part of the study area.  This loss of vegetation has been identified as a driver of land 
degradation in the area (Adenle et al., 2022). 

In 2012, Figure 3c the minimum value for this year is -0.166 and the maximum value is 
0.719. This revealed loss of vegetation around the Northwestern part of the basin, close to Lake 
Kainji. Northern part of Shiroro LGA, Mashegu and most southern part of the basin have a very 
healthy vegetation. For the year 2017, Figure 3d revealed that the minimum NDVI value for this 
year is -0.157 and the maximum value is 0.724. This indicate an increasing density compared to 
2012. Northern part of Shiroro LGA, Mashegu and most southern part of the basin have a very 
healthy vegetation. The density of the vegetation increased in southern part of Kaduna State, and 
western part of Niger State. The maximum value of the NDVI is shown around the southern part 
of the basin. 

Finally, for the year 2022, Figure 3e revealed the minimum NDVI value of -0.117, and a 
maximum value of 0.677, indicating a significant decrease from 2017. The maximum value of 
NDVI diffuses from the southern part to the western part of the basin. Lowest NDVI values are 
found along the water bodies, followed by the urban areas.  This agrees with the findings of Ogbue 
et al. (2024) that there is a variation in the spatial distribution of vegetation in the Niger River 
Basin., but disagrees with the results of Agbo et al. (2023), which indicated an increase in 
vegetation across all ecological zones in Nigeria. 
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Figure 3. Spatial and temporal variation of vegetation using NDVI, A: 2002, B: 2007, C: 2012, D: 
2017 and E: 2022 
 
Spatiotemporal Variation in Land Surface Temperature in Niger River Basin, Nigeria  

The Land Surface Temperature of Niger River Basin for the year 2002, 2007, 2012, 2017 
and 2022 was estimated. The results are shown in Figure 3. The LST index shows the surface 
temperature in degree Celsius (oC). Pixels with minimum LST values reveal that the areas have 
low surface temperature, represented by the color green, while the red color indicate high LST 
values, indicating areas with high surface temperature. This is represented by the color red.  

In 2002, Figure 4a shows that the lowest LST was 24.59 oC and the highest was 38.11 oC. 
The high LST is from the central part of the basin to the North Western Part. The water bodies, 
and southern part of the basin have the lowest land surface temperature. Studies have previously 
reported that the basin experienced warm years between 2001 and 2010 (Babatolu & Akinnubi, 
2013). In 2007, Figure 4b shows that the lowest LST was 23.96 o oC, the highest was 38.04 oC with 
a standard deviation of 1.70  oC. Water bodies have the lowest LST, while the urban areas show 
high LST. For the distribution of the LST, the lowest values were around the eastern and southern 
part of the basin. This is because the region is having healthier vegetation compared to the 
northern part of the basin (Seun et al., 2022). In 2012, Figure 4c shows that the minimum LST for 
this year is 24.16 oC, the maximum value is 37.94 oC with a standard deviation of 1.89 oC. In the 
year 2017, the minimum LST for this year is 24.55 oC, the maximum value is 38.97 oC with a 
standard deviation of 1.96 oC. Lastly, for the year 2022, the minimum LST for this year is 23.12 
oC, the maximum value is 39.01 oC with a standard deviation of 2.2 oC. This indicate a significant 
rise in the land surface temperature in the basin. Previous studies have also established that LST 
is negatively linked with soil moisture (Nguyen et al., 2022). 
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Figure 4. Settlement Environmental Quality in Tipar Kidul Village 
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Figure 4. Spatial and temporal variation of Land Surface Temperature (LST) , A= 2002, B= 2007, 
C=2012, D= 2017 and E=2022 

 
 
 

Relationship Between Vegetation and Land Surface Temperature in Niger River Basin, 
Nigeria 

Statistical analysis is important in analyzing different attributes. In this study paper, we 
extracted points from LST and NDVI image pixel values, that is, 270,183 for each study period, 
and correlated them using Pearson Correlation Coefficient. For the year 2002, the correlation 
coefficient between NDVI and LST is -0.33, indicating a weak negative correlation, which is 
significant at p<0.001. for the year 2007, the correlation coefficient between NDVI and LST is -
0.431, indicating a negative correlation. In the year 2012, the coefficient was -0.423, indicating a 
negative correlation. This agrees with Alademomi et al. (2022) that vegetation significantly 
influences land surface temperature. The correlation coefficient between NDVI and LST for the 
year 2017 was -0.362, indicating a negative correlation. Finally, the correlation coefficient 

D 

E 



 

111 
 

Muhammad Lawal Abubakar et al. / Geosfera Indonesia 9(2), 2024, 101-121 

 

between NDVI and LST for the year 2022 was -0.272, indicating a weak negative correlation. For 
all the five epochs, findings revealed a negative correlation between NDVI and LST, which means 
that places with healthy vegetation have low surface temperature. This agrees with the findings 
of Thakur et al. (2024) and Buzhani et al. (2023) that vegetation is negatively correlated with land 
surface temperature. The result is shown in Figure 5. 

 
 

 
 

Figure 5. Correlation coefficient between NDVI and LST for the years 2002 to 2022 

 
Spatiotemporal Variation of Soil Moisture using Temperature Vegetation Dryness Index in 
Niger River Basin, Nigeria 

To examine the agricultural drought in Niger River Basin, the VCI and VHI were employed. 
Results are presented in Figure 6 and Figure 7. For the year 2002, Figure 6a the VCI revealed that 
most of the basin had a very healthy vegetation, only the southern part and the southwestern of 
the basin experienced severe to extreme drought with VCI value of less than 20%. The mean value 
of VCI in 2002 is 83.73, indicating a very healthy vegetation.  

 For the year 2007, more areas within the basin experienced agricultural drought as 
shown in Figure 6b. The northeastern and southwestern parts of the basin had VCI values below 
20%. The mean value of the VCI is 64.26. This indicate a decreasing trend in vegetation condition, 
which means low soil moisture amount. For the year 2012, the mean VCI is 56.76. Areas that 
experienced agricultural drought increased, with the entire southern part of the basin 
experiencing water stress, as well as the southeastern and northern part. This water stress 
further deteriorates in 2012, with the southwestern part, as well as the northern part 
experiencing severe stress. The VCI further decreased in 2017 having a value of 45.32, indicating 
a further deteriorating crop conditions in the basin. In the year 2022 the VCI dropped to 14.93. 
The basin experienced the worst agricultural drought. Only locations close to water bodies had 
healthy vegetation, with some locations bordering the forests. 
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Figure 6. Spatial and temporal variation of Vegetation Condition Index (VCI), A=2002, B=2007, C= 
2012 D=2017 and E= 2022 
 

For the vegetation health index (VHI), results from 2002 to 2022 are shown in Figure 7. 
For the year 2002, Figure 7a revealed that the VHI that most of the basin had a very healthy 
vegetation. Areas around Lokoja and most southern and southwestern part of the basin revealed 
a water stress. This agrees with the findings of Kehinde and Umar (2021) that the region is having 
low soil moisture, but the soil moisture is improves moving southwards. The average VHI was 
75.44% and STD of 26.15. This shows a very healthy vegetation without water stress. In 2007, 
the southern and northeastern part of the basin experienced acute water stress. The mean VHI 
for the period is 69.54%, and the STD is 24.27. This indicates that crop farmers experienced water 
shortage within the period (Ibanga et al., 2022). 

This water stress worsened in 2012, with most of the northeastern and southwestern 
parts of the basin suffered severe agricultural drought, this may be attributed to declining rainfall 
within the period (Ogunrinde et al., 2019), which led to meteorological drought in the basin 
(Oloruntade et al., 2017). The mean VHI was 61.02%, while the standard deviation was 25.68. In 
2017, Figure 7d revealed that most parts of the basin experienced severe agricultural drought, 
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with the central part of the basin having a relatively healthy vegetation, while the northeastern 
part continue to experience water stress. This in line with Luo et al. (2023) that soil moisture 
varies spatially. The mean VHI in 2017 was 37.22%, indicating a deteriorating condition, and the 
standard deviation is 24.28. Finally, the worst agricultural drought in the basin occurred in 2022, 
as most part of the basin had VHI values of less than 40%. Overall, the average VHI for the year 
2022 was 19.87%, with a standard deviation of 27.38. Previous studies had established that low 
values of VHI can be directly attributed to increasing surface temperature (Dutta et al., 2015; 
Masitoh & Rusydi, 2019).  
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Figure 7. Spatial and temporal variation of Vegetation Health Index (VHI), A=2002, B=2007, C= 
2012, D=2017 and E=2022 
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CONCLUSION 
Monitoring and evaluation of agricultural drought is critical to food security, especially in 

tropical humid climate (Aw). In this paper, we used remote sensing indices to investigate the 

correlation between vegetation and land surface temperature in Niger River Basin. Mainly, we 

employed VH index, which computed the roles of VCI and TCI, pixel by pixel. This basically 

identified the relative influences of vegetation conditions and temperature within the basin for 

agricultural drought. Additionally, this study assessed the response of vegetation to drought, in 

order to have a better understanding of the impact of drought on vegetation. This study revealed 

the area is experiencing decline in vegetation, and a gradual increase in land surface temperature. 

Additionally, both VCI and VHI revealed that the basin is experiencing severe crop stress within 

the period under study. Increase in surface temperature, which is significantly influencing 

agricultural is attributed to climate change. Thus, adequate attention should be paid to 

continuous monitoring and evaluation of drought in the basin in order to develop early warning 

system. 
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