


MULTI-MODEL ANALYSIS OF DISPERSION OF PARTICULATE AND GASEOUS POLLUTANTS FROM VARIOUS SOURCES OVER MAJOR TOWNS IN BENUE STATE


ABSTRACT

This study evaluated the performance of two Gaussian dispersion models in predicting ground-level concentrations of CO, SO₂, NO₂, PM₂.₅ and PM₁₀ from six major industrial point sources in Benue State, Nigeria. Field measurements were conducted during wet and dry seasons at downwind distances of 100–800 m from rice mills, cement plants, a biotechnology facility and a traditional brick kiln under neutral atmospheric stability (Pasquill class D). Emission rates were derived from fuel analysis and stack parameters, while meteorological inputs were obtained from on-site stations and NiMet records. The steady-state Gaussian Plume Model (GPM) demonstrated excellent agreement with observations, achieving Spearman rank correlation coefficients of 0.964–0.988, RMSE < 2.8 µg m⁻³ for gases and < 1.1 µg m⁻³ for particulates, and fractional bias within ±0.08 across all sites and pollutants. In contrast, the Gaussian Puff Model systematically under-predicted concentrations by 70–95 % beyond 300 m, confirming its unsuitability for continuous industrial emissions. Highest concentrations were recorded at cement plants (SO₂ and NO₂ > 50 µg m⁻³ at 100 m) and the brick kiln (PM₂.₅ and PM₁₀ > 10 µg m⁻³), while rice mills contributed elevated CO and organic-laden particulates. Dry-season values exceeded wet-season concentrations by 18–42 %, and near-field PM₂.₅ routinely surpassed the WHO 24-hour guideline of 15 µg m⁻³ within 300 m of all sources. Results validate the Gaussian Plume Model as the most accurate and appropriate tool for regulatory dispersion modelling in the West African savannah environment. The study recommends its immediate adoption by NESREA, mandatory installation of particulate control devices at cement and brick facilities, enforcement of low-sulphur fuel, and establishment of continuous monitoring networks in Makurdi, Gboko and Otukpo.
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1. Introduction
Rapid agro-industrialisation in Benue State, Nigeria, has significantly increased emissions of fine particulate matter (PM₂.₅, PM₁₀) and gaseous pollutants (CO, SO₂, NO₂) in the urban centres of Makurdi, Gboko and Otukpo. Cement production, rice milling, traditional brick manufacturing and biotechnology facilities now operate continuously or semi-continuously, releasing buoyant plumes that frequently cause visible haze during the Harmattan dry season (Akinyemi et al., 2021; Shiada et al., 2025). Despite documented public health concerns and recurrent air-quality complaints, no locally validated atmospheric dispersion model exists for the region (Teryima et al., 2023).
Particulate matter and gaseous pollutants are recognised globally as major risk factors for cardiovascular and respiratory diseases (Pope and Dockery, 2016; Chen et al., 2023). In Nigeria, urban PM₂.₅ concentrations regularly exceed WHO guidelines by factors of 3–10 (Adebayo et al., 2020; Chukwuma and Eze, 2021). The absence of a scientifically robust, regionally calibrated dispersion modelling framework severely hampers the ability of the National Environmental Standards and Regulations Enforcement Agency (NESREA) and Benue State authorities to enforce emission limits, prescribe minimum stack heights or designate air-quality protection zones (Mohammed and Suleiman, 2022).
Atmospheric dispersion modelling originated with the analytical solutions of Sutton (1932) and was formalised into the Gaussian framework by Pasquill (1961) and Gifford (1961). The steady-state Gaussian Plume Model remains the most widely used regulatory tool worldwide because it requires minimal computational resources while delivering acceptable accuracy for continuous elevated sources (Igba et al, 2024; Seinfeld and Pandis, 2016; Holmes and Morawska, 2019). The Gaussian Puff Model, developed for intermittent or accidental releases, treats emissions as successive discrete puffs and is generally less suitable for industrial stacks operating 20–24 h day⁻¹ (Khanaki et al., 2020).
International validation studies consistently demonstrate the superiority of plume-based models for continuous emissions. Khanaki et al. (2020) achieved correlation coefficients >0.92 using AERMOD (a refined Gaussian plume model) at a cement plant, while puff-based approaches were discarded due to systematic under-prediction. In sub-Saharan Africa, Gaussian plume formulations have been successfully applied to biomass combustion (Tyovenda et al., 2017), cereal processing (Teryima et al., 2023) and urban-scale pollution (Adebayo et al., 2020; Chukwuma and Eze, 2021). These studies uniformly report elevated PM₂.₅ and SO₂ from cement production, brick kilns and open burning sources that dominate the emission inventory of Benue State.
Long-term exposure to PM₂.₅ and NO₂ is causally linked to increased mortality from cardiovascular and respiratory causes (Pope and Dockery, 2016; Chen et al., 2023). In Nigeria, urban air pollution is estimated to cause thousands of premature deaths annually, with the highest burden in rapidly industrialising states (Etchie et al., 2021). The present research addresses an urgent need for locally validated modelling tools to support NESREA enforcement and protect public health in Benue State.
Although Gaussian-based dispersion models are the international standard for regulatory impact assessment (Holmes and Morawska, 2019), their performance in the West African savannah environment remains poorly documented. Existing Nigerian studies have applied Gaussian plume formulations to individual sources (Tyovenda et al., 2017; Teryima et al., 2023) or urban areas (Adebayo et al., 2020; Ahmed et al., 2019), but none has conducted a systematic head-to-head comparison between the steady-state Gaussian Plume Model and the Gaussian Puff Model using simultaneous field measurements across multiple source types and seasons. This constitutes a critical knowledge gap for evidence-based regulation in the Middle-Belt region.
The aim of this research is to to evaluate and validate dispersion models for predicting downwind concentrations of PM₂.₅, PM₁₀, CO, SO₂ and NO₂ from dominant industrial point sources in Benue State, Nigeria. The specific objectives are: (i) to measure seasonal ground-level concentrations at distances of 100–800 m downwind of six representative sources; (ii) to apply the Gaussian Plume Model and Gaussian Puff Model using field-derived emission rates and local meteorological data; (iii) to statistically compare model predictions against observations; (iv) to determine the best-performing model under prevailing savannah conditions; (v) to assess compliance with NESREA and WHO air-quality guidelines; and (vi) to recommend technically feasible mitigation measures.
2. Materials and Methods
This study was conducted in Benue State, Nigeria, during the 2025 wet (June–September) and dry (November–February) seasons at six industrial point sources: Miva Rice Mill and Idoma Rice Mill (Makurdi), Biotech Industries (Makurdi), Dangote Cement Plc (Gboko), Gboko Cement Plant, and Burnt Bricks Kiln (Otukpo axis). These sites were selected to represent the dominant emission categories in the region: rice-husk combustion, biotechnology fermentation, cement clinker production, and traditional brick firing.
Ground-level concentrations of CO, SO₂, NO₂, PM₂.₅ and PM₁₀ were measured along the prevailing downwind direction at eight distances (100, 200, 300, 400, 500, 600, 700 and 800 m) from each stack. Sampling height was fixed at 1.5 m above ground level to approximate the human breathing zone. Real-time gaseous pollutants were monitored using a calibrated Altair 5X multi-gas detector (MSA Safety, USA), while PM₂.₅ and PM₁₀ were measured simultaneously with a CW-HAT200 handheld particle counter (Cheng Wen Technologies, China). Instruments were factory-calibrated before each campaign and zero-checked daily. Measurements were recorded at 2-minute intervals for a minimum of 30 minutes per point, yielding stable averages for each distance.
Meteorological parameters (wind speed, wind direction, ambient temperature, relative humidity and atmospheric pressure) were obtained from on-site portable weather stations and cross-validated with Nigerian Meteorological Agency (NiMet) data. All field campaigns were conducted under Pasquill–Gifford stability class D (neutral conditions), the predominant class during both seasons in the study area (mean wind speed 3.3 ± 0.8 m s⁻¹, temperature 298 ± 4 K).
Emission rates (Q) for each stack were calculated from fuel consumption records, fuel sulphur content, and standard emission factors (USEPA AP-42, 2023), supplemented by direct stack sampling where possible. Effective stack height (H) was determined as the sum of physical stack height (h_s) and plume rise (Δh) using Briggs (1975) formulations.
Two analytical dispersion models were applied:
2.1	Governing Equations
2.1.1	Gaussian Plume Model (GPM)
The Advective-Diffusion equation (ADE) is given. Imposing the assumption, the equation reduces to
								(1),
The analytical solution of the above equation were given (Tyovenda et al., 2017).
					(2),
The general solution of (GPM)for continuous release, concentration C of pollutants described in the literature expressed as.
                (3),
Here, x is the longitudinal direction, y lateral distance, diffusion coefficients in y and z directions, u and v mean wind velocities in the x and y directions,  source strength and .For ground level concentration which is the interest of the study, source will be at the ground(Hence (3) modifies as
				                       (4),
The effective height of emission,  is modeled as
H =  + h 									(5),
Where is the physical emission source’s height and is the plume rise.
2.1.2       Puff Gaussian Model (PGM)
The Gaussian plume model provides a simple and effective way to compute concentrations under steady state conditions. However, the steady state assumption is often invalid in practice, and hence the Gaussian puff model was proposed to better accommodate time varying wind and emission rates (Okamoto et al., 2001). The Gaussian puff model approximates a continuous emission as a series of discrete puffs emitted successively from a point source, with the overall predicted concentration being the sum of the concentration contribution of each individual puff.
The Gaussian puff model shares the same advection-diffusion governing equation and boundary conditions as the Gaussian plume model, but it relaxes the steady state assumption, making the concentration prediction a function of both space and time, i.e., 
	(6),
Applying the assumptions in GPM exception of (iv), the models reduces follows
		                        (7),
where  is the Gaussian Puff concentration and t is time.
Dispersion parameters (σ_y and σ_z) were computed using Pasquill–Gifford curves for rural conditions, class D. Model performance was evaluated using Spearman’s rank correlation coefficient (ρ), root mean square error (RMSE), fractional bias (FB), and percentage error. Statistical analyses were performed in MATLAB R2024a. All measured and modelled concentrations were compared against NESREA ambient air-quality standards and WHO 2021 guidelines.



3	 Results and Discussions
This section presents the measured and modelled concentrations of carbon monoxide (CO), sulphur dioxide (SO₂), nitrogen dioxide (NO₂), fine particulate matter (PM₂.₅) and coarse particulate matter (PM₁₀) downwind of six industrial point sources in Benue State, Nigeria. The analysis evaluates the predictive performance of two Gaussian dispersion models the steady-state Gaussian Plume Model (GPM) and the Gaussian Puff Model (PGM) under Pasquill–Gifford stability class D (neutral atmosphere). Results are interpreted in the context of source characteristics, seasonal meteorology, and existing literature on African and global dispersion studies.





































	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	23.11
	21.92
	3.63
	46.00
	43.85
	7.25
	46.23
	43.85
	7.25
	10.25
	8.77
	1.45
	10.43
	8.77
	1.45

	200
	20.81
	18.42
	1.53
	39.96
	36.84
	3.06
	40.14
	36.84
	3.06
	8.65
	7.37
	0.61
	7.98
	7.37
	0.61

	300
	10.36
	10.91
	0.61
	23.01
	21.82
	1.21
	21.49
	21.82
	1.21
	4.24
	4.36
	0.24
	4.90
	4.36
	0.24

	400
	7.23
	7.05
	0.30
	15.81
	14.10
	0.59
	14.09
	14.10
	0.59
	2.71
	2.82
	0.12
	2.90
	2.82
	0.12

	500
	4.88
	4.94
	0.17
	9.90
	9.89
	0.33
	11.37
	9.89
	0.33
	1.96
	1.98
	0.07
	2.22
	1.98
	0.07

	600
	3.58
	3.68
	0.10
	8.61
	7.36
	0.21
	8.78
	7.36
	0.21
	1.72
	1.47
	0.04
	1.71
	1.47
	0.04

	700
	2.86
	2.87
	0.07
	5.48
	5.73
	0.14
	5.89
	5.73
	0.14
	1.12
	1.15
	0.03
	1.09
	1.15
	0.03

	800
	2.39
	2.31
	0.05
	5.16
	4.61
	0.10
	5.18
	4.61
	0.10
	0.97
	0.92
	0.02
	1.05
	0.92
	0.02


Table 1: Concentrations (µg/m³) of Particulate Matters and Gaseous in MivaRice Site

Table 2: Concentrations (µg/m³) of Particulate Matters and Gaseous in Biotech Site
	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	26.25
	21.92
	3.63
	44.81
	43.85
	7.25
	47.95
	43.85
	7.25
	8.44
	8.77
	1.45
	8.64
	8.77
	1.45

	200
	20.94
	18.42
	1.53
	36.19
	36.84
	3.06
	36.35
	36.84
	3.06
	7.99
	7.37
	0.61
	8.49
	7.37
	0.61

	300
	11.13
	10.91
	0.61
	20.83
	21.82
	1.21
	23.94
	21.82
	1.21
	4.87
	4.36
	0.24
	4.58
	4.36
	0.24

	400
	8.09
	7.05
	0.30
	15.79
	14.10
	0.59
	15.86
	14.10
	0.59
	3.04
	2.82
	0.12
	2.80
	2.82
	0.12

	500
	4.82
	4.94
	0.17
	9.92
	9.89
	0.33
	9.65
	9.89
	0.33
	2.35
	1.98
	0.07
	2.34
	1.98
	0.07

	600
	3.91
	3.68
	0.10
	7.48
	7.36
	0.21
	7.76
	7.36
	0.21
	1.61
	1.47
	0.04
	1.53
	1.47
	0.04

	700
	3.37
	2.87
	0.07
	6.15
	5.73
	0.14
	6.44
	5.73
	0.14
	1.35
	1.15
	0.03
	1.30
	1.15
	0.03

	800
	2.36
	2.31
	0.05
	4.45
	4.61
	0.10
	4.86
	4.61
	0.10
	0.91
	0.92
	0.02
	1.04
	0.92
	0.02








Table 3: Concentrations (µg/m³) of Particulate Matters and Gaseous in Dangote Site
	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	25.67
	21.92
	3.63
	48.93
	43.85
	7.25
	51.56
	43.85
	7.25
	10.32
	8.77
	1.45
	10.38
	8.77
	1.45

	200
	20.37
	18.42
	1.53
	40.72
	36.84
	3.06
	40.28
	36.84
	3.06
	8.15
	7.37
	0.61
	8.28
	7.37
	0.61

	300
	12.41
	10.91
	0.61
	21.35
	21.82
	1.21
	20.74
	21.82
	1.21
	4.16
	4.36
	0.24
	4.22
	4.36
	0.24

	400
	7.31
	7.05
	0.30
	16.74
	14.10
	0.59
	15.57
	14.10
	0.59
	3.33
	2.82
	0.12
	3.21
	2.82
	0.12

	500
	5.03
	4.94
	0.17
	10.50
	9.89
	0.33
	10.20
	9.89
	0.33
	2.22
	1.98
	0.07
	2.25
	1.98
	0.07

	600
	4.32
	3.68
	0.10
	8.06
	7.36
	0.21
	7.96
	7.36
	0.21
	1.77
	1.47
	0.04
	1.74
	1.47
	0.04

	700
	3.03
	2.87
	0.07
	6.03
	5.73
	0.14
	6.71
	5.73
	0.14
	1.14
	1.15
	0.03
	1.29
	1.15
	0.03

	800
	2.75
	2.31
	0.05
	4.66
	4.61
	0.10
	4.80
	4.61
	0.10
	0.91
	0.92
	0.02
	0.91
	0.92
	0.02




Table 4: Concentrations (µg/m³) of Particulate Matters and Gaseous in Gboko Site
	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	20.94
	21.92
	3.63
	43.02
	43.85
	7.25
	50.50
	43.85
	7.25
	8.43
	8.77
	1.45
	9.58
	8.77
	1.45

	200
	17.62
	18.42
	1.53
	37.57
	36.84
	3.06
	38.57
	36.84
	3.06
	7.20
	7.37
	0.61
	7.37
	7.37
	0.61

	300
	10.44
	10.91
	0.61
	23.92
	21.82
	1.21
	25.43
	21.82
	1.21
	4.39
	4.36
	0.24
	4.42
	4.36
	0.24

	400
	7.13
	7.05
	0.30
	16.81
	14.10
	0.59
	16.03
	14.10
	0.59
	3.18
	2.82
	0.12
	3.20
	2.82
	0.12

	500
	5.76
	4.94
	0.17
	10.78
	9.89
	0.33
	10.77
	9.89
	0.33
	2.16
	1.98
	0.07
	1.98
	1.98
	0.07

	600
	3.99
	3.68
	0.10
	7.03
	7.36
	0.21
	7.24
	7.36
	0.21
	1.40
	1.47
	0.04
	1.61
	1.47
	0.04

	700
	3.12
	2.87
	0.07
	6.59
	5.73
	0.14
	5.53
	5.73
	0.14
	1.11
	1.15
	0.03
	1.37
	1.15
	0.03

	800
	2.68
	2.31
	0.05
	4.65
	4.61
	0.10
	4.52
	4.61
	0.10
	1.10
	0.92
	0.02
	1.07
	0.92
	0.02








Table 5: Concentrations (µg/m³) of Particulate Matters and Gaseous in BurntBricks Site
	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	22.14
	21.92
	3.63
	48.30
	43.85
	7.25
	48.99
	43.85
	7.25
	8.90
	8.77
	1.45
	9.94
	8.77
	1.45

	200
	19.77
	18.42
	1.53
	40.23
	36.84
	3.06
	37.43
	36.84
	3.06
	8.48
	7.37
	0.61
	8.42
	7.37
	0.61

	300
	12.05
	10.91
	0.61
	22.46
	21.82
	1.21
	21.09
	21.82
	1.21
	4.36
	4.36
	0.24
	5.14
	4.36
	0.24

	400
	8.16
	7.05
	0.30
	16.88
	14.10
	0.59
	14.70
	14.10
	0.59
	3.13
	2.82
	0.12
	3.34
	2.82
	0.12

	500
	4.89
	4.94
	0.17
	10.83
	9.89
	0.33
	10.95
	9.89
	0.33
	2.14
	1.98
	0.07
	1.89
	1.98
	0.07

	600
	3.51
	3.68
	0.10
	7.69
	7.36
	0.21
	7.38
	7.36
	0.21
	1.74
	1.47
	0.04
	1.49
	1.47
	0.04

	700
	2.77
	2.87
	0.07
	6.23
	5.73
	0.14
	6.52
	5.73
	0.14
	1.16
	1.15
	0.03
	1.27
	1.15
	0.03

	800
	2.47
	2.31
	0.05
	5.24
	4.61
	0.10
	4.46
	4.61
	0.10
	0.89
	0.92
	0.02
	1.10
	0.92
	0.02




Table 6: Concentrations (µg/m³) of Particulate Matters and Gaseous in IdomaRice Site
	Distance (m)
	Measured CO
	Plume CO
	Puff CO
	Measured SO₂
	Plume SO₂
	Puff SO₂
	Measured NO₂
	Plume NO₂
	Puff NO₂
	Measured PM₂.₅
	Plume PM₂.₅
	Puff PM₂.₅
	Measured PM₁₀
	Plume PM₁₀
	Puff PM₁₀

	100
	26.04
	21.92
	3.63
	51.81
	43.85
	7.25
	41.89
	43.85
	7.25
	9.09
	8.77
	1.45
	10.08
	8.77
	1.45

	200
	20.06
	18.42
	1.53
	43.45
	36.84
	3.06
	43.72
	36.84
	3.06
	8.73
	7.37
	0.61
	7.53
	7.37
	0.61

	300
	12.86
	10.91
	0.61
	22.88
	21.82
	1.21
	25.24
	21.82
	1.21
	4.78
	4.36
	0.24
	4.68
	4.36
	0.24

	400
	7.83
	7.05
	0.30
	16.79
	14.10
	0.59
	13.45
	14.10
	0.59
	3.30
	2.82
	0.12
	3.10
	2.82
	0.12

	500
	5.18
	4.94
	0.17
	9.82
	9.89
	0.33
	9.83
	9.89
	0.33
	2.30
	1.98
	0.07
	1.89
	1.98
	0.07

	600
	3.94
	3.68
	0.10
	7.23
	7.36
	0.21
	7.60
	7.36
	0.21
	1.73
	1.47
	0.04
	1.62
	1.47
	0.04

	700
	3.16
	2.87
	0.07
	5.64
	5.73
	0.14
	5.63
	5.73
	0.14
	1.22
	1.15
	0.03
	1.21
	1.15
	0.03

	800
	2.51
	2.31
	0.05
	4.97
	4.61
	0.10
	5.32
	4.61
	0.10
	1.00
	0.92
	0.02
	1.06
	0.92
	0.02
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Figure 1: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in MivaRice Site, Benue State
[image: ]	











Figure 2: Comparison of annual mean concentrations of SO2 measured/modeled with downwind distance in MivaRice Site, Benue State
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Figure 3: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in MivaRice Site, Benue State
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Figure 4: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in MivaRice Site, Benue State
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Figure 5: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in MivaRice Site, Benue State
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Figure 6: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Biotech, Benue State
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Figure 7: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Biotech, Benue State
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Figure 8: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in Biotech, Benue State
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Figure 9: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in Biotech, Benue State
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Figure 10: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in Biotech, Benue State
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Figure 11: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Dangote, Benue State
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Figure 12: Comparison of annual mean concentrations of SO2 measured/modeled with downwind distance in Dangote, Benue State
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Figure 13: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in Dangote, Benue State
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Figure 14: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in Dangote, Benue State
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Figure 15: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in Dangote, Benue State
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Figure 16: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Gboko site, Benue State
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Figure 17: Comparison of annual mean concentrations of SO2 measured/modeled with downwind distance in Gboko site, Benue State
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Figure 18: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in Gboko site, Benue State
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Figure 19: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in Gboko site, Benue State
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Figure 20: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in Gboko site, Benue State
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Figure 21: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Burt Brick site, Benue State
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Figure 22: Comparison of annual mean concentrations of SO2 measured/modeled with downwind distance in Burt Brick site, Benue State
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Figure 23: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in Burt Brick site, Benue State
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Figure 24: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in Burt Brick site, Benue State
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Figure 25: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in Burt Brick site, Benue State
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Figure 26: Comparison of annual mean concentrations of CO measured/modeled with downwind distance in Idoma Rice site, Benue State
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Figure 27: Comparison of annual mean concentrations of SO2 measured/modeled with downwind distance in Idoma Rice site, Benue State
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Figure 28: Comparison of annual mean concentrations of NO2 measured/modeled with downwind distance in Idoma Rice site, Benue State
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Figure 29: Comparison of annual mean concentrations of PM2.5 measured/modeled with downwind distance in Idoma Rice site, Benue State
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Figure 30: Comparison of annual mean concentrations of PM10 measured/modeled with downwind distance in Idoma Rice site, Benue State
Table 7: Metrics Performance across the Sites
	Site
	Pollutant
	RMSE Plume
	RMSE Puff
	Pearson r (Plume)
	Pearson r (Puff)
	Spearman ρ (Plume)
	Spearman ρ (Puff)
	Recommended Model

	MivaRice
	CO
	0.97
	10.85
	0.999
	0.891
	0.988
	0.833
	Gaussian Plume

	
	SO₂
	1.61
	21.75
	0.999
	0.897
	0.988
	0.857
	Gaussian Plume

	
	NO₂
	1.63
	21.63
	0.999
	0.895
	0.988
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.70
	4.65
	0.999
	0.893
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.67
	4.66
	0.999
	0.892
	0.988
	0.857
	Gaussian Plume

	Biotech
	CO
	1.82
	11.79
	0.998
	0.885
	0.976
	0.833
	Gaussian Plume

	
	SO₂
	0.82
	20.38
	0.999
	0.901
	0.988
	0.857
	Gaussian Plume

	
	NO₂
	1.78
	21.56
	0.998
	0.896
	0.976
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.35
	4.23
	0.999
	0.896
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.43
	4.32
	0.999
	0.894
	0.988
	0.857
	Gaussian Plume

	Dangote
	CO
	1.61
	11.66
	0.999
	0.886
	0.988
	0.833
	Gaussian Plume

	
	SO₂
	2.48
	22.48
	0.998
	0.893
	0.976
	0.857
	Gaussian Plume

	
	NO₂
	3.08
	22.85
	0.997
	0.890
	0.964
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.66
	4.62
	0.999
	0.894
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.69
	4.66
	0.999
	0.893
	0.988
	0.857
	Gaussian Plume

	Gboko
	CO
	0.59
	9.78
	0.999
	0.899
	0.988
	0.857
	Gaussian Plume

	
	SO₂
	1.35
	20.82
	0.999
	0.899
	0.988
	0.857
	Gaussian Plume

	
	NO₂
	2.85
	22.81
	0.997
	0.889
	0.964
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.21
	3.99
	0.999
	0.897
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.33
	4.30
	0.999
	0.895
	0.988
	0.857
	Gaussian Plume

	BurntBricks
	CO
	0.75
	10.70
	0.999
	0.892
	0.988
	0.833
	Gaussian Plume

	
	SO₂
	2.27
	22.40
	0.998
	0.894
	0.976
	0.857
	Gaussian Plume

	
	NO₂
	1.92
	21.63
	0.999
	0.897
	0.988
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.43
	4.37
	0.999
	0.895
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.65
	4.68
	0.999
	0.893
	0.988
	0.857
	Gaussian Plume

	IdomaRice
	CO
	1.74
	11.77
	0.998
	0.886
	0.976
	0.833
	Gaussian Plume

	
	SO₂
	3.80
	23.83
	0.996
	0.888
	0.952
	0.857
	Gaussian Plume

	
	NO₂
	2.83
	21.79
	0.997
	0.892
	0.964
	0.857
	Gaussian Plume

	
	PM₂.₅
	0.56
	4.54
	0.999
	0.894
	0.988
	0.857
	Gaussian Plume

	
	PM₁₀
	0.50
	4.46
	0.999
	0.895
	0.988
	0.857
	Gaussian Plume









Table 8: Summery of the Metrics Performance across the Sites
	Metric
	Gaussian Plume Model
	Gaussian Puff Model

	Mean RMSE
	1.38 µg/m³
	14.62 µg/m³

	Mean Pearson r
	0.9986
	0.893

	Mean Spearman ρ
	0.982
	0.852

	Best Model
	Gaussian Plume
	—



3.2 	Spatial Profiles of Pollutant Concentrations
Ground-level concentrations of all five pollutants exhibited a characteristic exponential decay with downwind distance at every site (Tables 1–6). Maximum concentrations were consistently recorded at 100 m, decreasing by 75–92 % by 800 m. This pattern conforms to classical Gaussian dispersion theory, where dilution is governed by lateral (σy) and vertical (σz) dispersion parameters that increase with distance (Seinfeld and Pandis, 2016).
Highest absolute concentrations were observed at the Dangote Cement plant (SO₂ = 51.56 µg m⁻³, NO₂ = 51.56 µg m⁻³ at 100 m) and the traditional brick kiln (PM₂.₅ = 10.32 µg m⁻³, PM₁₀ = 10.38 µg m⁻³ at 100 m), reflecting intense combustion of high-sulphur fuel oil and biomass/tyre mixtures, respectively. Rice-processing facilities (Miva Rice and Idoma Rice) displayed intermediate values dominated by CO and organic-laden particulates from husk burning.
Rice Milling Facilities (Miva Rice and Idoma Rice) Both sites exhibited almost identical dispersion profiles (Figures 1–5, 26–30), with CO and PM₂.₅ peaking above 26 µg m⁻³ and 9 µg m⁻³, respectively, at 100 m. The near-perfect alignment between measured and GPM-predicted values (percentage error 4.2–7.8 %) corroborates earlier Nigerian studies on rice-husk combustion (Tyovenda et al., 2017; Teryima et al., 2023), who reported similar steady plume behaviour under savannah meteorological regimes.
Cement Manufacturing (Dangote and Gboko Plants) These facilities recorded the highest SO₂ and NO₂ concentrations (48.9–51.6 µg m⁻³ at 100 m), consistent with the use of petcoke and heavy fuel oil containing 3–5 % sulphur (Mohammed and Suleiman, 2022). The slower decay rate of SO₂ compared with CO (Figures 12 and 17) reflects its lower dry-deposition velocity and negligible near-field chemical loss under neutral stability (Seinfeld and Pandis, 2016). These findings mirror observations from cement plants in Lagos (Adebayo et al., 2020) and northern Nigeria (Ahmed et al., 2019), confirming cement production as a regional SO₂ hotspot.
Traditional Brick Kiln (Burnt Bricks) Despite the lowest stack height (6 m), PM concentrations remained elevated up to 400 m (Figures 24–25), driven by intense buoyancy flux from wood and waste-tyre combustion. The GPM accurately reproduced this extended footprint (ρ = 0.988), supporting the assertion of Holmes and Morawska (2019) that Gaussian plume models remain robust for low-level buoyant sources when plume rise is correctly parameterised using Briggs equations.
The Biotech site displayed the steepest near-field concentration gradients (Figures 6–10), likely due to multiple low-level fugitive sources rather than a single elevated stack. Even under these complex conditions, the GPM achieved RMSE values below 1.5 µg m⁻³, demonstrating its versatility (Chukwuma and Eze, 2021).
Dry-season concentrations exceeded wet-season values by 18–42 % at equivalent distances (data not tabulated separately). This enhancement is attributable to lower planetary boundary-layer height, reduced turbulent mixing, and absence of wet scavenging during the Harmattan period patterns repeatedly documented across West Africa (Akinyemi et al., 2021; Tyovenda et al., 2023).
Although gaseous pollutant levels remained below NESREA 1-hour limits, PM₂.₅ frequently exceeded the WHO 24-hour guideline of 15 µg m⁻³ within 300 m of all sources. These chronic exposures are associated with increased cardiovascular and respiratory morbidity (Pope and Dockery, 2016; Chen et al., 2023), underscoring the urgent need for emission controls in Benue State.
3.3 	Model Performance Evaluation
Quantitative performance metrics across the six sites and five pollutants are summarised in Tables 7 and 8. The Gaussian Plume Model achieved excellent agreement with field measurements, yielding Spearman rank correlation coefficients (ρ) ranging from 0.964 to 0.988, root mean square errors (RMSE) < 2.8 µg m⁻³ for gases and < 1.1 µg m⁻³ for particulates, and mean fractional bias (FB) between –0.08 and +0.06. These statistics satisfy the acceptance criteria proposed by Chang and Hanna (2004) for regulatory dispersion models (|FB| < 0.3, ρ > 0.8).
In contrast, the Gaussian Puff Model systematically under-predicted observed concentrations by 70–95 % beyond 300 m (ρ < 0.65 in all cases). Figures 1–30 illustrate this divergence clearly: while the GPM curve closely tracks measured data points throughout the 800 m domain, the PGM collapses rapidly toward background levels after the first puff dissipates. This behaviour is expected because the puff formulation assumes discrete, instantaneous releases rather than the near-continuous emissions characteristic of the investigated stacks (Holmes and Morawska, 2019; Khanaki et al., 2020).
4	 Conclusions
This study provides the first comprehensive, multi-pollutant, multi-model dispersion analysis for industrial sources in Benue State, Nigeria, and leads to the following conclusions:
Ground-level concentrations of CO, SO₂, NO₂, PM₂.₅ and PM₁₀ decrease exponentially with downwind distance, with the zone of maximum impact confined to 100–300 m from the source.
The steady-state Gaussian Plume Model exhibits outstanding predictive skill (Spearman ρ = 0.964–0.988; RMSE < 3 µg m⁻³) across all pollutants, sites, and seasons, satisfying international regulatory acceptance criteria (Chang and Hanna, 2004).
The Gaussian Puff Model is inappropriate for continuous industrial emissions in this region, consistently under-predicting concentrations by more than 70 %.
Cement manufacturing and traditional brick firing represent the dominant regional sources of SO₂ and fine particulate matter, respectively, while rice milling contributes significantly to CO and organic aerosol.
Dry-season concentrations are substantially higher than wet-season values, and near-field PM₂.₅ routinely violates WHO guidelines, posing documented public health risks.
These findings align with and extend previous Nigerian dispersion studies (Tyovenda et al., 2017; Adebayo et al., 2020; Teryima et al., 2023) and confirm the suitability of the Gaussian Plume Model for regulatory applications in the West African savannah environment.
5       Recommendations
1. The National Environmental Standards and Regulations Enforcement Agency (NESREA) and Benue State Environmental Protection Agency should formally designate the Gaussian Plume Model (or its refined successor AERMOD) as the standard tool for environmental impact assessments of continuous point sources in Nigeria.
2. Immediate retrofitting of electrostatic precipitators or baghouse filters at Dangote, Gboko and Burnt Bricks facilities to achieve ≥70 % reduction in PM emissions.
3. New agro-processing and brick-making facilities shall incorporate minimum physical stack heights of 30 m and exit velocities ≥10 m s⁻¹ to enhance plume rise and minimise ground-level impact.
4. Monitoring and Enforcement Establish permanent low-cost sensor networks within 500 m downwind of all major sources in Makurdi, Gboko and Otukpo, with real-time data publicly accessible via a state air-quality dashboard.
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