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ABSTRACT 

The variations of soil and air temperature during Total solar eclipse of 29th March 2006 were 

investigated using the nonlinear dynamical method which is Recurrence Quantification Analysis (RQA). 

The low values of Recurrence Quantifiers (DET, ENT, LMAX, RR, LAM) was observed in which soil 

and air temperatures at lower level exhibit high chaotic nature and exhibit low chaos at the greater 

heights of measurement. The similarities of DET, ENT and Lmax, arise due to the fact that their 

measurements are based on the diagonal lines of RP in which they are all low when system is chaotic, 

that is the system is far from equilibrium but when the system attains equilibrium, then the values of 

Lmax, DET and ENT are all high. It was also observed that both the soil and air temperatures decrease at 

the higher level and increases at the lower level of measurement during the event of Total solar eclipse. 

LMAX of air temperature measured at different height on the pre-eclipse day, eclipse day and post-day 

gives loweet value at 6m and 12m heights on the day of solar eclipse due to the fluctuations of the effect 

of the solar eclipse on air temperature during the event. The divergences of the nearest trajectories for 

Air temperature at 3m height, soil temperature at 5cm depth and Soil heat flux on the day of solar eclipse 

are all positive values, that is, their fluxes are expanding and densities are decreasing during the total 

solar eclipse event of 29th March, 2006. While its flux at 30 cm depth is contracting and density is 

increasing at that point during the total solar eclipse event. It was also observed that, at deeper level of 

soil temperature and higher level of air temperature, their net flux entering the element space is equal to 

the net flux leaving the element after the total solar eclipse event. 

http://www.worldscientificnews.com/
mailto:udac057@gmail.com


World Scientific News 176 (2023) 43-62 

 

 

-44- 

Keywords: Solar Eclipse, Temperature, Nonlinear Dynamical Tools 

 

 

 

1.  INTRODUCTION 

 

Solar eclipse is an external force applied on the atmosphere, which occurs naturally and 

there is no other similar event that would affect the atmosphere in a way that a solar eclipse 

does. There are number of studies and observations made during solar eclipses which include 

observations and measurements of meteorological parameters, such as wind speed and 

direction, air temperature (Werner, et al., 2017; Littmann, et al., 2008), atmospheric pressure, 

humidity (Szaowski, 2002; Aplin and Harrison, 2002), gravity waves (Zerefos, et al., 2007), 

boundary layer physics (Anfossi, et al., 2004), photochemistry (Adeniyi et al., 2007, 2009; 

Kumar and Rengaivan, 2011). Solar eclipse has a strong influence on both soil and air 

temperature which has been broadly reported in the literatures (Winkler et al., 2001; Fabian et 

al., 2001; Foken et al., 2001; Ahrens et al., 2001; Aplin and Harrison, 2002; Founda et al., 

2007).  

The thermal period in soils are also affected by solar eclipses and the degree of the 

disturbance decreased with the depth at which the soil temperature was measured and the nature 

of the soil vegetated among other factors was reported by ( Foken et al., 2001; Kirshnan et al., 

2004; Founda et al., 2007; Nymphas et al., 2009). Leeds-Harrison et al., (2000) observed 

variation in soil temperature assumed sinusoidal in a cloudless sky providing sinusoidal 

temperature waves with decreasing amplitude and increasing phase shift with depth. Nymphas 

et al., (2009) recorded that the impact of the Total Solar Eclipse on 29th March, 2006 on the 

surface energy and radiation flux components measured at Ibadan, Nigeria showed that the 

sensible heat, latent heat and all radiation fluxes were considerably affected by the eclipse event, 

beginning from the first contact of the eclipse. He also reported that the sensible heat reversed 

sign during the maximum phase of the eclipse while the latent heat decreased by 89.7%, the 

global radiation decreased by 95% while the net radiation and the soil heat flux also all reversed 

sign during the total phase of the eclipse. Young and Alex, (2017) reported the solar eclipse of 

20th March, 2015 as the first total solar eclipse that possibly have a remarkable impact on the 

power system.  

Thus, Founda et al., (2007) reported that the decrease in wind speed during totality has 

been attributed to the depression of turbulence mechanism due to the cooling of the air, in 

agreement with the observations of Kirshnan et al. (2004) and Anfossi et al., (2004) who 

observed less turbulent wind during solar eclipses. Ahrens et al., (2001) reported the pattern 

and the precise amount of decline of the meteorological parameters are unique at each location, 

depending on the time of the day, the climate, the site, its surrounding vegetation, the exposure 

to the sky, and the wind. There are also different reports of the influence of total solar eclipse 

on atmospheric pressures which are also controversial reports.  

Aplin and Harrison (2003) reported that the pressure continued to decrease throughout 

totality. Amiridis et al., (2007) reported that the pressure continued to decrease thereafter 

reaching its lowest value of 1310.33 hPa. While Nymphas et al., (2009) recorded that the 

pressure at Ibadan remained constant during the first and second contacts and continued to 

increase after reaching a maximum value of 1317.01 hPa about 1 hr, 3 min after totality.  
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Ahrens et al., (2001) reported that the effects of solar eclipse on atmospheric pressure is 

unique to each location depending on the time of the day, the local climate, site, surrounding 

vegetation, exposure to the sky and wind. Ahrens et al., (2001) reported that the effects of solar 

eclipse on atmospheric pressure is unique to each location depending on the time of the day, 

the local climate, site, surrounding vegetation, exposure to the sky and wind. Winkler et al., 

(2001) reported the rapid darkening during an eclipse does not allow cooling at the same rate 

as during sunset and night. Gerasopoulos et al., (2007) reported that the solar flux first rapidly 

decreases, causing cooling of the atmosphere at all heights. Eckermann et al., (2007) reported 

the decrease in surface temperature reduces the super adiabatic lapse rate near the surface and 

induces net radiation cooling throughout the troposphere within eclipse shadows.  

While Aplin and Harrison, (2003) reported that the pressure imbalances then result from 

the rapid cooling of the atmosphere caused by the penumbra travelling at supersonic speeds. 

There are also strong influence of solar eclipse on photochemistry, total columnar ozone, 

gravity waves and ionospheric parameters as well as the environmental effects of solar eclipse 

which mainly focused on boundary layer physics reported by (Adeniyi et al., 2007, 2009; 

Kumar and Rengaiyan, 2011; Winkler et al., 2001). Fabian et al., (2001), Economou et al., 

(2008) reported that the most important environmental effects of an eclipse takes place in the 

micro scale and involves changes of the boundary layer parameters of physical and chemical 

nature such as thermodynamic process and plants responses for light level decreases which 

subsequently causes a decrease of CO2 fluxes). This research work investigated the variations 

of soil temperature and air temperature during the total solar eclipse of 29th March 2006.  

The objectives are the followings; To determine the nonlinearity effects of Total Solar 

Eclipse (TSE) on Soil and air temperature with nonlinear dynamical. To determine the 

spreading strength of the fluxes and the details of density structures in the experimental data 

collected by carrying out the divergence of the nearest trajectories. 

 

 

2.  MATERIALS AND METHODS 

 

The experimental data used was measured during the total solar eclipse of 29th March 

2006 by Nigeria Micrometeorological Experiment (NIMEX), Ibadan station, University of 

Ibadan, Oyo State which is about 145 km away from the Gulf of Guinea Coast. The location of 

the meteorological mast is 7.44°N, 3.89°E and 206m. The data acquisition system and reduction 

was realized using CR10X datalogger from Campbell scientific (Nymphas et al., 2009). The 

data were recorded daily and simple visual quality tests were also performed. Data for three 

days (a day before eclipse, the eclipse day and a day after eclipse) were copied in Origin 

Software Format and analyzed using MATLAB programme for this study. The dynamical 

characterizations and predictability of power series on the atmospheric data collected were 

investigated using nonlinear time series methods. The nonlinear dynamical tools used are 

Recurrence Quantification Analysis (RQA) tools which is Recurrence Quantification Analysis 

(RQA) that comprises Recurrence Rate (RR), Determinism (DET), Entropy (ENT), Maxline 

(Lmax) and Laminarity (LAM). 

 

2. 1. Recurrence Quantification Analysis (RQA) 

This is a nonlinear dynamics tool deduced to measure the small structures in the 

recurrence plot. RQA visualizes the hidden patterns that RP contains which are not easily found 
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out by visual inspection. This tool was proposed by Zbilut and Webber (1992) to quantify the 

presence of patterns in the RPs. The recurrence quantification analysis include Recurrence Rate 

(RR), Determinism (DET), Entropy (ENT), Laminarity (LAM) and Maxline (LMAX) which are 

the measures to quantify the deterministic structure and complexity of recurrence rates 

Recurrence Rate (RR) measures the density of recurrence points and the percentage of 

darkened pixels.  

 

RR = 
1

𝑁
∑ 𝑅𝑖𝑗𝑁
𝑖,𝑗=1                                                                                                              (1) 

 

where N is the length of the time series and Rij is recurrence matrix, its value ranges from 0% 

to 100%, i.e from no recurrence to full recurrence.  

Determinism (DET) evaluates the predictability of the dynamical system. It is the ratio of 

recurrence points assembling diagonal structures to all recurrence points.  

 

DET =  
∑ 𝑙𝑝(𝑙)𝑁
𝑙=𝑙𝑚𝑖𝑛

∑ 𝑅𝑖𝑗𝑁
𝑖,𝑗

                                                                                                        (2) 

 

where p(l) is frequency distribution of the diagonal line lengths, l is the length of line structure. 

Entropy, ENT is a measure of signal complexity which shows the richness of 

deterministic structuring. The higher the value of entropy, the more complex of certainty 

structure of the system in recurrence plot. 

 

ENT = −∑ 𝑝(𝑙)𝑙𝑛𝑝(𝑙)𝑁
𝑙=𝑙𝑚𝑖𝑛                                                                                                (3) 

 

Laminarity, LAM measures the percentage of recurrence points comprising vertical line 

structures instead of diagonal line structures. Its values range from 0% to 100%, i.e from no 

laminarity to full laminarity. 

 

LAM = −
∑ 𝑣𝑝(𝑣)𝑁
𝑣=𝑣𝑚𝑖𝑛

∑ 𝑣𝑝(𝑣)𝑁
𝑣=1

                                                                                                           (4) 

 

where p(v) is the total number of vertical lines of length v in RP. 

Maxline, LMAX is the longest line segment measured parallel to the main diagonal in the 

plot. Eckmann et al., (2007) proposed the longest diagonal line structure was inversely 

proportional to the most Lyapunov exponent. The shorter the longest line is, the more the 

trajectories diverge. A periodic signal gives long line segments, while short lines indicate chaos. 

 

DIV = 
1

Lmax
 , Lmax = max ({li; i=1, …, Nl}).                      (5) 

 

where Nl is the total number of diagonal lines.  

The similarities of Lmax, DET and ENT arise due to the fact that their measurements are 

based on the diagonal lines of RP in which they are all low when system is chaotic, that is the 

system is far from equilibrium but when the system attains equilibrium, the values of Lmax, DET 

and ENT are all high (Webber, and Zbilut, 2005). 
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3.  RESULTS AND DISCUSSION 

3. 1. The Graphical Representations of Divergence of the Nearest Trajectories 
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The divergence represents the volume density of the outward flux of a vector field from 

an infinitesimal volume around a given point. It is a local measure of its "outgoingness", the 

extent to which there is more of some quantity exiting an infinitesimal region of space than 

entering it. The graphical representations of divergence of the nearest trajectories of the total 

solar eclipse on meteorological parameters against time are shown in Fig. 1. (a - i) below. 

The graphs in Figs 1 (a, e, g & i) above show that the divergence of the  nearest trajectories 

for atmospheric pressure, Air temperature at 3m, soil temperature at 5 cm depth and Soil heat 

flux respectively on the day of solar eclipse are all positive values. The positive values of their 

divergence indicate that their fluxes are expanding and densities are decreasing during the total 

solar eclipse event of 29th March, 2006. In Fig. 1(h) above shown that the divergences of the 

nearest trajectories for soil temperature at the depth of 30 cm are all negative values which 

implies that its flux at 30 cm depth is contracting or converging and its density is increasing at 

that point during the solar eclipse event. In Fig. 1(b), (c), (d), and (f ) aboveshown that the 

divergences of the nearest trajectories for global radiation, wind speed at 1m and 9m and Air 

temperature at 12m respectively have both positive and negative values. At point where 

divergence has zero value, it implies that the net flux entering the elemental space is equal to 

the net flux leaving the elemental space during or after the solar eclipse event. 

Table 1 summaries the recurrence quantification analysis of the influence of the solar 

eclipse on soil temperature measured at different depth of 5 cm, 10 cm and 30 cm which shows 

the different values of RR, DET, ENT, LMAX and LAM on the pre-eclipse day, eclipse day and 

post-eclipse day. This is also presented by the use of bar chart for easy interpretation as shown 

below in Fig. 2 (a – e). 
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Table 1. Recurrence Quantifiers for the influence of solar Eclipse on Soil temperature 

measured at the depths of; 5 cm, 10 cm and 30 cm on the pre-eclipse day, Eclipse day 

and post-eclipse day. 

 

Soil 

Temp 

Pre-Eclipse day Eclipse day Post-Eclipse day 

5cm 10cm 30cm 5cm 10cm 30cm 5cm 10cm 30cm 

RR 0.0358 0.0448 0.0432 0.0394 0.0463 0.0463 0.0574 0.0715 0.0705 

LAM 0.7684 0.7072 0.8178 0.7436 0.8035 0.8035 0.9542 0.9972 0.9971 

RTE 1.2331 1.2988 1.2988 1.3379 1.2737 1.2737 12094 1.1612 1.1639 

DET 0.9605 1.0000 0.9953 0.9949 1.0000 1.0000 0.9965 0.9972 0.9971 

ENT 1.6246 2.0794 1.7918 2.0794 2.0794 1.3498 2.2453 2.4583 1.8938 

Lmax 8.0952 27.7500 35.5000 24.2500 28.6250 19.4167 14.1500 27.1538 31.6364 

 

 

 
 

Fig. 2(a). RR bar chart for soil temperature measured at 5 cm, 10 cm and 30 cm depth on 

the pre-eclipse day, eclipse day and post-day 
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Fig. 2(b). Determinism bar chart for soil temperature measured at 5 cm, 10 cm and 30 cm 

depth on the pre-eclipse day, eclipse day and post-day. 

 

 

 
 

Fig. 2(c). Entropy bar chart for soil temperature measured at 5 cm, 10 cm and 30 cm depth on 

the pre-eclipse day, eclipse day and post-day. 
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Fig. 2 (d). LMAX bar chart for soil temperature measured at 5 cm, 10 cm and 30 cm depth on 

the pre-eclipse day, eclipse day and post-day. 

 

 

 
 

Fig. 2 (e). LAM bar chart for soil temperature measured at 5 cm, 10 cm and 30 cm depth on 

the pre-eclipse day, eclipse day and post-day . 
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Fig. 2(a) depicts the RR Bar chart for soil temperature measured at 5 cm, 10 cm and 30 

cm depth on the pre-eclipse day, eclipse day and post-day which indicate lowest values at 5 cm 

and hight values at 30 cm due to the greater instability at the lower depth of soil. 

Fig. 2(b) depicts the Determinism Bar chart  for  soil temperature measured at 5 cm, 10 

cm and 30 cm depth on the pre-eclipse day, eclipse day and post-day which shows that the 

lowest DET value is at 5 cm and highest value is at 30 cm. These values indicate that the effect 

of solar eclipse on soil temperature at lower depth is more unpredicatable due to the 

complications caused by soil and water content variations that produce temperature variations 

which depart from the sinusindal form. Fig. 2(c) depicts entropy bar chart for soil temperature 

measured at 5 cm, 10 cm and 30 cm depth on the pre-eclipse day, eclipse day and post-day and 

it shown the lowest value of ENT at 5 cm and highest value at 30 cm. This suggest that for the 

meausre of the signal complexity shows less deterministic structure, greater disorderliness of 

solar eclipse effect on soil temperature  at 5cm depth, and richness of determninstic structuring 

of the solar eclipse effect on soil temperature at 30 cm depth. Fig. 2(d) depicts LMAX bar chart 

for  soil temperature measured at 5 cm, 10 cm and 30 cm depth on the pre-eclipse day, eclipse 

day and post-day. It has lowest values at 5 cm which shows that the lower the value of LMAX , 

the more the trajectaries diverge of chaos feature. Fig. 2(e) depicts LAM bar chart for soil 

temperature measured at 5 cm, 10 cm and 30 cm depth on the pre-eclipse day, eclipse day and 

post-day which measures the percentage of recurrence points comprising vertical line 

structures. The lowest value of laminarity indicated on the eclipse day at 5cm due to the 

instability of soil temperature at the lower depth. These effects of solar eclipse on soil 

temperature which depend on depth of soil are related to the works of many researchers which 

reported that the degree of the disruptions decreased with the depth at which the soil 

temperature was measured and the nature of the soil among other factors (Leeds-Harrison et 

al., 2000; Foken et al., 2001; Kirshnan et al., 2004; Founda et al., 2007; Nymphas et al., 2009). 

 

Table 2. Recurrence Quantifiers for the influence of solar Eclipse on Air temperature at 

different height of measurements on Pre-Eclipse Day, Eclipse day and Post-eclipse. 

 

 Pre-Eclipse day 

Air 

Temperature 
1m 3m 6m 9m 12m 16m 

RR 0.0455 0.0166 0.0182 0.0200 0.0115 0.0182 

LAM 0.9244 0.7195 0.8722 0.7980 0.7807 0.7444 

RTE 1.0900 1.3565 1.2574 1.3197 1.3375 1.3385 

DET 0.9867 0.9512 0.8222 0.9596 0.8070 0.9778 

ENT 2.2931 1.4648 1.0336 1.3863 1.3322 1.4942 

TT 8.0000 2.6818 2.8545 2.7241 2.4722 2.7917 

Lmax 12.3333 8.6667 6.7273 11.8750 9.2000 11.0000 
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 Eclipse day 

Air 

Temperature 
1m 3m 6m 9m 12m 16m 

RR 0.0719 0.0283 0.0071 0.0319 0.0036 0.0321 

LAM 0.8609 0.4895 0.8056 0.6335 0.4444 0.6420 

RTE 1.2710 1.5243 1.3478 1.4350 1.5556 1.4222 

DET 0.8815 0.9790 0.8611 0.9627 0.7778 0.9938 

ENT 2.0870 1.7479 1.5607 1.6770 0.6365 1.6663 

TT 7.5301 2.6923 2.0714 2.6154 2.0000 2.6667 

Lmax 11.0345 20.0000 5.1667 17.2222 4.6667 14.6364 

 Post-Eclipse day 

Air 

Temperature 
1m 3m 6m 9m 12m 16m 

RR 0.0917 0.0408 0.0069 0.0475 0.0182 0.0459 

LAM 0.8700 0.7327 0.3529 0.8638 0.6556 0.8634 

RTE 1.1300 1.3257 1.5385 1.2649 1.3394 1.2768 

DET 0.9802 0.9653 0.6471 0.9745 0.8000 0.9780 

ENT 2.6327 1.9518 0.5623 1.9298 1.1787 1.6889 

TT 9.1860 3.2527 2.0000 3.0299 2.6818 2.8824 

Lmax 14.8333 13.0000 5.5000 11.4500 5.5385 9.6522 

 

 

Table 2 summarises the recurrence quantification analysis for the influence of solar 

eclipse on air temperature at different height 1m, 3m, 6m, 9m, 12m and 16m of the 

measurements on pre-eclipse day, eclipse day and post-eclipse. The bar charts for DET, ENT, 

RR, LMAX and LAM of the influence of solar eclipse on air temperature at different height are 

shown in Fig. 3 (a – e). Fig. 3(a – e) depict bar charts for the variations of RR, DET, ENT, LMAX 

and LAM air temperature against the different heights above the ground during solar eclipse 

event.  

Figs. 3a, 3b, 3c, and 3d, all show highest value at height 1m which indicate that the 

impacts of solar eclipse on air temperature are more effective at lower height and less effective 

at greater height. The similarities of Lmax, DET and ENT arise due to the fact that their 

measurements are based on the diagonal lines of RP in which they are all low when system is 

chaotic, that is the system is far from equilibrium but when the system attains equilibrium, the 

values of Lmax, DET and ENT are all high.  
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Fig. 3(a). RR Bar chart for air temperature measured at different height on 

the pre-eclipse day, eclipse day and post-day. 

 

 

 
 

Fig. 3(b). Determinism Bar chart for air temperature measured at different height on 

the pre-eclipse day, eclipse day and post-day. 

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

0,09

0,1

1m 3m 6m 9m 12m 16m

R
R

Height of the measurements

Pre-eclipse day

Eclipse day

Post-eclipse day

0

0,2

0,4

0,6

0,8

1

1,2

1m 3m 6m 9m 12m 16m

D
et

er
m

in
is

m

Height of the measurement

Pre-eclipse day

Eclipse day

Post-eclipse day



World Scientific News 176 (2023) 43-62 

 

 

-58- 

 
 

Fig. 3(c). Entropy Bar chart for air temperature measured at different height on 

the pre-eclipse day, eclipse day and post-day 

 

 

 
 

Fig. 3(d). Lmax Bar chart for air temperature measured at different height on 

the pre-eclipse day, eclipse day and post-day. 
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Fig. 3(e). Lmax Bar chart for air temperature measured at different height on the pre-eclipse 

day, eclipse day and post-day. 

 

 

This result corresponds to the reports given by (Anderson, 1999; Ahrens et al., 2001; 

Fabian et al., 2001; Aplin and Harrison, 2003; Foken et al., 2001; Founda et al., 2007; 

Gerasopoulos et al., 2007; Nymphas et al., 2009) that the air temperature decreases at the higher 

level and increases at the lower level of measurement. 

Fig. 3(e) depicts LMAX bar chart for air temperature measured at different height on the 

pre-eclipse day, eclipse day and post-day and air temperature gives loweet value of LMAX at 6m 

and then at 12m on the day of solar eclipse due to the fluctuations of the effect of the solar 

eclipse on air temperature during the event.  

 

 

4.  CONCLUSIONS 
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Aplin and Harrison, 2001; Fabian et al., 2001; Foken et al., 2001; Founda et al., 2007) that all 

the meteorological parameters including soil and air temperature were significantly affected 

during the total solar eclipse. It was also clearly determined from the divergence of the nearest 

trajectories of meteorological parameters that their fluxes are expanding and densities are 

decreasing during the total solar eclipse event and the net flux entering the element space is 

equal to the net flux leaving the element after the solar eclipse event. 
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