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Abstract

Photosynthetically Active Radiation (PAR, 400-700 nm) is a key driver of photosynthesis, biomass formation, and crop
yield, especially in the tropics where rainfed agriculture prevails. The present research examines the long-term
variability and trends of PAR over Nigeria's three predominant climatic zones Humid Tropical Rainforest, Tropical
Savanna, and Semi-Arid Sahel over a period of 41 years (1984-2024). NASA satellite-derived PAR data were examined
using non-parametric statistical techniques such as Mann-Kendall trend detection test, Sen's slope estimator for rate
estimation, and distribution-based analyses like kernel density estimation (KDE) and boxplots. Results show a
statistically significant downward trend in PAR in all zones with Sen's slope ranging from -0.16 to -0.44 W/m? per year.
The Humid Zone recorded the lowest PAR values due to constant cloud cover and excess rainfall, while the Tropical
Savanna recorded mid-values, which were suitable for diverse cropping systems. The Semi-Arid Zone recorded the
highest PAR levels but also with a significant decline, together with short wet seasons and high evapotranspiration.
These declines in PAR have immediate consequences on agricultural productivity, ecosystem resistance, and food
security, especially for staple crops like maize, sorghum, and millet that are radiation-sensitive. This study provides the
first multi-decadal Nigeria-specific analysis of PAR trends for various climatic zones, and it offers important information
to inform agricultural planning, climate adaptation, and policy development. Increased ground-level monitoring,
adoption of climate-smart agriculture, and regional collaboration are recommended in an effort to mitigate the adverse
impacts of reducing solar radiation on agriculture and livelihoods.
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1. Introduction

Solar radiation is the foundation of terrestrial productivity, climate, and ecosystem function, of which the
Photosynthetically Active Radiation (PAR, 400-700 nm) fraction is the component essential for photosynthesis and crop
yield [1][2]. In Nigeria, where rainfed agriculture supports over 60% of the population, PAR variability has significant
implications for food security and socio-economic stability [3][4] The country's latitudinal range from humid coastal
rainforests to the semi-arid Sahel elicits intense contrasts in cloud cover, aerosols, and solar regimes, all of which impact
PAR distribution [5][6].

The role of PAR in crop productivity was initially quantified by Monteith (1972)[7], who demonstrated a linear
coincidence between absorbed PAR and yield, a finding subsequently verified in global productivity studies[8][9] For
C4 crops such as maize, sorghum, and millet, which are common in northern Nigeria, adequate PAR at flowering and
grain filling is crucial. However, atmospheric modifiers such as biomass burning, Harmattan dust, and ozone
fluctuations cause marked interannual variability in West Africa [10-14]. Udo & Aro (1999) [15] examined the
relationship between global solar radiation (Rs) and photosynthetically active radiation (PAR) in Ilorin, Nigeria, and

* Corresponding author: M. A. Okono

Copyright © 2025 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://ijsra.net/
https://doi.org/10.30574/ijsra.2025.17.1.2768
https://crossmark.crossref.org/dialog/?doi=10.30574/ijsra.2025.17.1.2768&domain=pdf

International Journal of Science and Research Archive, 2025, 17(01), 444-454

found an annual mean PAR/Rs ratio of 2.08 E M]~* with marked seasonal variations. The ratio was lower during the dry
Harmattan season (1.92 E MJ™* in January) and higher in the rainy season (2.15 E MJ™* in May), generally stabilizing
around 2.1 E MJ™* except in Harmattan months.

In spite of its significance, multi-decadal PAR analyses are still scant in Nigeria because of the paucity of radiometric
networks. New developments in satellite datasets (e.g., MODIS, CERES) now enable vigorous trend determination. This
research fills the gap by examining 41 years (1984-2024) of PAR variation in Nigeria's key climatic zones through Mann-
Kendall, Sen's slope, KDE, and boxplots for trend evaluation and agricultural implications. The objectives are threefold:
(i) to quantify long-term PAR trends across Nigeria's three principal climatic zones; (ii) to establish seasonal and
interannual variability founded on stringent statistical protocols; and (iii) to examine implications for agriculture,
environmental sustainability, and policy.

2. Data and Methods

2.1. Study Area

Nigeria lies between longitude 20E and 150 E and latitude 40 N and 140N, having two major seasons, wet and dry. The
country is situated just above the geographical equator and this results to high sunshine intensity. This study is focused
on the analysis of photosynthetically active radiation across the three major climatic zones in Nigeria. Figure1l shows all
the selected states in Nigeria for across the climatic zones of the study which include the Humid Tropical Rain Forest
zone, Tropical Savanna zone and Semi-Arid (Desert) zone. Table1 gives more information about each location.

Table 1 Study locations

Location Elevation (m) | Latitude | Longitude

Humid Rain Forest

Calabar 39.48 4.96 8.33
Warri 9.6 5.56 5.72
Lagos 25.49 6.55 3.34
Tropical Savanna

Janligo 251.79 8.95 11.3
Lafia 180.63 8.51 8.51
Ilorin 344.93 8.52 4.53
Semi-Arid (Desert)

Katsina 474.54 13.01 7.58
Sokoto 276.16 13.05 5.23
Maiduguri 318.25 11.89 13.13
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Figure 1 Map of Nigeria showing the three major climatic zones

2.2. Data Sources

PAR data were obtained from NASA database spanning 1984-2024. Data were aggregated into monthly and annual
averages for each representative station.

2.3. Methods

The analysis tool for this study is the Microsoft Excel software, which was used for the data conversion, storage and
wrangling. Data visualization was carried out by the Python programming language. All graphical representations and
some statistical analysis were implemented. Packages in python programming like sklearn, seaborn, matplotlib, pandas,
and numpy etc., were utilized for representations including box plots, linear regression,

2.3.1. Test for Trend (The Mann-Kendall Trend Test)

We use the M-K test when analysing time-series data. The test is non-parametric and does not require the data to
conform to a particular distribution [16][17]. We apply this test when a given range of data agrees with the relation.

X = f(ti)+5i R ()

( ' )here is a function of continuously increasing or decreasing monotonically, i are the range residuals.
In the M-K test, we test the null hypothesis H_o which says that there is no trend, and the alternative hypothesis H_1
which means that there is a trend in the series. If the results gotten from the test agrees with the null hypothesis
(meaning that there is no trend), it means that the given data x_i is randomly ordered in time (t), while the alternative
hypothesis says that there is either an increasing monotonic or a decreasing monotonic trend.

The M-K test uses the statistic S, calculated using.
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where.

+1 if(x.—xk)>0
sgn(xj—xk)z 0; |f(x —xk) 0

-1 f{x —x)<0
1 |(xJ x)< ®)

The number of data values is represented by n. A positive S value indicates an upward variation, and a negative S value
characterizes a downward variation.

The normal approximation (Z statistic) is always used if the number of data values n is from 10 and above. We should

also note that when there are tied/equal values, the accuracy of using the Z statistic will reduce if the data values are
close to 10.

To compute the value of the Z statistic, the variance of S 'VAR(S) is used

VAR(S) :%{n(n—l)(2n+5)—ng_;tp (t, -1)(2t, +5)} o)

g represents the number of tied groups in the series (showing that the test takes the tied or equal values into
consideration. The number of data values in the p** group is represented by tp-

The test statistic Z is now obtained using the values of VAR(S) and S;

i; S>0
JVAR(S)
Z=40; S=0
S+1

JMAR(S) (10

The decreasing variation is discerned from a negative Kendall Z value, and an increasing trend is seen from a positive Z
value. Both interpretations can be concluded to have a significant trend if the data's p-value is lower than the
significance level (< 5% = 0.05 in this case). The trend is not significant if the p-value is higher than the level of
significance.
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2.3.2. Sen’s Slope Estimator

To estimate the slope of a linear existing trend, the nonparametric Sen method is used. We represent the linear equation
by [18]

f(t)=Qt+B 1

Here, f (t) is described in equation (10) as a function of time which is continuous increasing or decreasing
monotonically and Q is the slope and B is a constant. We get the slope estimate in equation (10) by calculating all the
slopes of all data value pairs [19]

X=X,
==

Q
12

Here, j > k.
Ifwe have 1 values xjin the time series, we get as many as N = n(n-1)/2 slope estimates Q.. The Sen’s estimator of slope
is the median of these N values of Q.. The N values of Q; are ranked from the smallest to the largest and the Sen’s estimator
is [18-21]

Q2] if Nisodd

%Q[N/z] +Q[(N+2)/2]; if Niseven i

A100(1- a) % two-sided confidence interval about the slope estimate is obtained by the nonparametric technique based
on the normal distribution. The method is valid for n as small as 10 unless there are many groups.

Box Plots

Box plots show a graphical summarization of data; it does not give a detailed representation of the data distribution but
gives an indication of the skewness of data. Box plots summarize data in the following way [22].
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Lower extreme/minimum (Q1 - 1.5*IQR), Lower quartile (Q1), median (QZ2), upper quartile (Q3) and upper extreme (Q3 +
1.5*IQR).

3. Results and Discussion
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Figure 2(a) to (f) Monthly and Annual trend of PAR across the climatic zones
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Figure 3a, 3b and 3cillustrate box plots across the climatic zones
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Figure 4 (a) to (i) KDE plot of all the locations across the climatic zones

Table 2 Mann-Kendall and Sen’s estimator trend test for PAR across the climatic zones in Nigeria for 41 years period

from 1984 to 2024
Location | Mann Kendall's | Test p-value (Two- | Sen's Test Trend
Statistic (S) Statistic (Z) | tailed) slope (Q) | Interpretation

Calabar -418 -4.68 2.8e-6 -0.26 True Decreasing
Warri -440.0 -4.93 8.1le-7 -0.42 True Decreasing
Lagos -450 -5.04 4.5e-7 -0.40 True Decreasing
Jalingo -538.0 -6.03 1.6e-9 -0.37 True Decreasing
Lafia -559.0 -6.26 3.6e-10 -0.44 True Decreasing
Ilorin -446.0 -4.99 5.7e-7 -0.44 True Decreasing
Maiduguri | -537.0 -6.02 1.7e-9 -0.16 True Decreasing
Katsina -489.0 -5.48 4.2e-8 -0.27 True Decreasing
Sokoto -506.0 -5.67 1.4e-8 -0.32 True Decreasing

3.1. Monthly and Annual Distribution of PAR In Nigeria Across the Climatic Zones

Figures 2a-2c highlights the spatial and seasonal variability of Photosynthetically Active Radiation (PAR) across the
three major climatic zones of West Africa: Humid, Tropical Savanna and Semi-Arid zone. These variations are largely
driven by cloud cover, atmospheric aerosols, water vapor content, solar zenith angle, and latitude.
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In the Humid Zone (Figure 2a), comprising Cross River-Calabar, Delta-Warri, and Lagos, PAR values are generally the
lowest across all zones, with maximum peaks of 104 W/m? in April and November for Lagos, and the lowest values of
81 W/m? during the wet season (July), Cross River-Calabar has the lowest PAR of 65-68 W/m? in July and August, while
Lagos has it lowest PAR of 72 W/m? in July and their maximum values in April and November. The bimodal peak
corresponds with the ITCZ's northward and southward passage, typical of the double rainfall maxima in this region.
This substantial dip is attributed to dense cloud cover and high rainfall typical of equatorial rainforest climates, which
significantly attenuate incoming solar radiation.(Kumar et al, 2019)[23] The Tropical Savanna Zone (Figure 2b)
displays slightly higher PAR come to the Humid zone in 2(a) with dual peaks 116,114 and 113 W/m? for Jalingo, Lafia
and Ilorin in April and October and dip of 85, 87 and 88 W/m? for Ilorin, Lafia and Jalingo in August consistent with the
solar equinox periods, and dips in August and December, linked to mid-year rainfall and dry season haze, respectively.
The Semi-Arid zone (Figure 2c) displays the highest radiation compare to all the zones with Katsina been the highest
with 126 W/m?, Sokoto 125 W/m? and Maiduguri 123 W/m? in April while the lowest was observed in December,
August and January. The region has less influence of the Inter Tropical Convergence zone (ITCZ) as the wind from Sahara
Desert is predominant.

The annual trends of Photosynthetically Active Radiation (PAR) across West African climatic zones, as shown in Figures
2d-2f, reveal significant spatial and temporal variability driven by atmospheric transparency, cloud cover, latitude, and
climatic conditions. The Humid Forest Zone (Figure 2d), including Calabar, Warri, and Lagos, shows the lowest long-
term PAR values due to persistent cloud cover and high rainfall. Lagos had the highest PAR in this zone, peaking at 104
W/m? in 1984 and declining to 87 W/m? by 2015. Warri followed a similar pattern, while Nigeria-Calabar consistently
recorded the lowest, declining from 97 W/m? in 1984 to 84 W/m? in 2024. This supports existing literature that links
reduced solar radiation in equatorial zones to higher cloudiness and atmospheric water vapor (Wild et al,
2021;Papachristopoulou et al., 2024) [24][25].

In the Tropical Savanna Zone (Figure 2e), comprising Jalingo, Lafia, and Ilorin, higher PAR values were observed in
Jalingo reached 115 W/m? in 1990, while all three locations showed a decreasing trend post-2000, likely due to
increased aerosol loading and land use changes, aligning with findings by Pinker et al. (2005)[26] on regional solar
dimming.

Semi-Arid regions (Figure 2f) such as Katsina, Sokoto, and Maiduguri displayed uniform trends with high PAR values
up to 124 W/m? in 1984 in Sokoto, suggesting minimal cloud cover and stronger solar irradiance due to dry conditions.

3.2. Box Plots Distribution of PAR Across the Climatic Zones in Nigeria

Figures 3a to 3c illustrate the box plots of Photosynthetically Active Radiation (PAR) across four climatic zones in
Nigeria; Humid Zone, Tropical Savanna and Semi-Arid Zone, with data from 9 representative locations. These plots
reveal a clear latitudinal and climatic gradient in PAR, increasing from the southern humid regions to the northern arid
areas.

In the Humid Zone (Figure 3a), represented by Calabar, Warri, and Lagos, the PAR values are comparatively low, with
Calabar showing a median of 85 W/m?, Warri at 86 W/m?, and Lagos at 92 W/m?. The lower whiskers in this zone start
aslow as 78 W/m? in Calabar and 82 W/m? in Warri and 87W/m2 in Lagos. These values are influenced by dense cloud
cover and high rainfall, which limit solar penetration. While such conditions favor shade-tolerant and moisture-loving
crops like cocoa, yam, and plantain, the relatively low PAR can hinder light-dependent crops like maize and rice,
particularly during extended wet seasons, leading to delayed flowering and reduced yields.

Moving to the Tropical Savanna Zone (Figure 3b), which includes Jalingo, Lafia, and Ilorin, there is a noticeable increase
in PAR. Jalingo shows a median PAR of 103 W/m?, Lafia 100 W/m?, and Ilorin 97 W/m?. This zone experiences a balance
between sunlight and rainfall, supporting a wide variety of crops, including maize, millet, cassava, sorghum, and
legumes. The combination of adequate PAR (ranging from 97 to 115 W/m?) and seasonal rainfall offers favorable
photosynthetic conditions, especially during the growing season. Consequently, this zone is among the most
agriculturally productive in the region.

The Semi-Arid Zone (Figure 3c), comprising Katsina, Sokoto, and Maiduguri, exhibits even higher PAR levels. Median
values here reach 114.5 W/m? in both Katsina and Sokoto 113.5 W/m?, and 112 W/m? in Maiduguri. The whiskers in
Sokoto extend as high as 123 W/m? These values fall within or slightly above the optimum PAR range for
photosynthesis, generally cited as 100-120 W/m? for most crops (Monteith, 1977; Mekouar, 2024)[7][27]. While high
PAR supports rapid crop growth, the short rainy season and high evapotranspiration rates pose serious risks. Crops like
sorghum, millet, and cowpea thrive when rainfall coincides with high PAR, but in dry years, the lack of moisture can
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lead to leaf scorch, reduced chlorophyll efficiency, and lower grain fill, undermining yields despite abundant solar
energy.

3.3. Kernel density estimation for PAR

Figures 4a-4i present Kernel Density Estimation (KDE) plots of Photosynthetically Active Radiation (PAR) across
Nigeria’s three major climatic zones, showing clear spatial gradients that directly influence agricultural productivity.

In the humid tropical rainforest zone (Figures 4a-4c), Calabar showed a unimodal peak at ~84 W/m?, Warri had a
bimodal pattern (85 W/m? and 95W/m?), and Lagos also bimodal (~89 W/m? and 101 W/m?). The lower PAR levels in
Calabar reflect persistent cloud cover and high atmospheric moisture, reducing light availability via scattering and
absorption. While such conditions support shade-tolerant crops like cocoa, coffee, and leafy vegetables, they may limit
yields of high-light-demand crops (e.g., maize) unless cultivated in drier months or with canopy management.

In the tropical savanna zone (Figures 4d-4f), Jalingo peaked at 102 W/m? and 112 W/m?, Lafia at 100 W/m? and 112
W/m?, and Ilorin at 95 W/m? and 109 W/m? The higher dry-season PAR values favor crops such as sorghum, maize,
and groundnuts, which thrive under strong sunlight, though supplemental irrigation may be required to counter dry-
season water deficits.

In the semi-arid zone (Figures 4g-4i), Maiduguri had a unimodal peaked at 111 W/m?, Katsina at 112 W/m? and 119
W/m?, and Sokoto at 110 W/m? and 119 W/m?. High PAR here enhances photosynthesis for cereals like millet and
sorghum, but the combination of intense radiation and low humidity increases evapotranspiration, risking water stress
without drought-adaptive practices.

3.4. Mann-Kendall and Sen’s slope Trend Test of PAR Across Nigeria Climatic Zones

The analysis of long-term trends in Photosynthetically Active Radiation (PAR) across Nigeria reveals significant spatial
and temporal variability shaped by climatic conditions. As shown in Table 2, the application of the non-parametric
Mann-Kendall trend test and Sen's slope estimator across different climatic zones Humid, Tropical Savanna, Semi-Arid,
and Arid provides insights into the direction and magnitude of change in PAR over time.

Focusing on the Humid Zone, which includes Calabar, Warri, and Lagos, all three locations exhibit a statistically
significant decreasing trend in PAR. In Calabar, a p-value of 2.8 x 107 and a z-value of -4.68 suggest a highly significant
negative trend, with a Sen’s slope of -0.26 W/m? per year. This indicates a consistent annual decline in PAR likely driven
by increased cloudiness or atmospheric moisture typical of the coastal rainforest zone.

Similarly, Warri demonstrates a more pronounced trend, with a p-value of 8.1 x 1077, z-value of -4.93, and Sen’s slope
of -0.42 W/m? per year, showing a faster reduction in incoming PAR. Lagos, with a p-value of 4.5 x 1077, z-value of -
5.04, and Sen’s slope of -0.40 W/m? per year, records the steepest rate of decline in the Humid Zone.

In the Tropical Savanna Zone, which includes Jalingo, Lafia, and Ilorin, all three locations show statistically significant
negative trends in PAR, indicating a steady decline in photosynthetically active radiation. Lafia presents the strongest
signal, with a z-value of -6.26, p-value of 3.6 x 10710, and Sen’s slope of -0.44 W/m? /year, suggesting a notable drop in
radiation input over the years. Similarly, Jalingo records a z-value of -6.03, p-value of 1.6 x 1079, and slope of -0.37
W/m?/year, while Ilorin shows a z-value of -4.99, p-value of 5.7 x 1077, and slope of -0.44 W/m?/year. These declines
could adversely affect staple crops such as maize, millet, and groundnut, especially during key growth stages where
sufficient light is essential for photosynthesis and biomass accumulation.

The Semi-Arid Zone, comprising Maiduguri, Katsina, and Sokoto, also exhibits significant downward trends in PAR.
Katsina shows a z-value of -5.48, p-value of 4.2 x 1078, and slope of -0.27 W/m?/year. Maiduguri follows with a z-value
of -6.02, p-value of 1.7 x 107°, and slope of -0.16 W/m?/year, while Sokoto has a z-value of -5.67, p-value of 1.4 x 1078,
and slope of -0.32 W/m?/year. These reductions in PAR could hinder crop performance in already moisture-limited
environments. Crops like sorghum and cowpea, which are adapted to high radiation and water stress, may experience
yield reduction, especially under conditions of compounded drought and reduced solar input.

4. Conclusion

This study assessed long-term trends in Photosynthetically Active Radiation (PAR) across Nigeria's three main climatic
zones Humid Tropical Rainforest, Tropical Savanna, and Semi-Arid Sahel using 41 years (1984-2024) of satellite data
and robust statistical analysis. Trends show a consistent and statistically significant declining trend of PAR across all
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regions, with rates ranging from 0.16 to 0.44 W/m? per year. It has decreased because of increasing cloud cover,
aerosols, dust events, and land use changes. Temporally, the Humid Zone exhibited the minimum PAR due to the
persistent rainfall and cloudiness, while the Tropical Savanna recorded intermediate levels of PAR that offer radiation
and rain balancing to enable crops varieties. The Semi-Arid Zone experienced the maximum PAR but faces the risk of
declining rainy seasons and high evapotranspiration, which increases its vulnerability to water stress and crop damage.
Overall, the reduction in PAR jeopardizes agricultural production, food safety, and ecosystem stability in Nigeria, and
adaptive agriculture practices and policy measures become a necessity.
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