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Abstract 

Understanding the relationship between the variations of meteorological parameters is vital in tackling the 

climatic problem. This paper presents methods for analyzing parameters that relate directly and indirectly to 

each other and accurate methods for interpreting their results. Using obtained data for 14 years and calculated 

data for other parameters, we adopt the Mann-Kendall (M-K) test for the trend analysis of the annual and 

seasonal variations, the correlation matrixes, and linear regression pair plots to discern the relationship between 

all parameters using the python programming software. To crystalize results, partial derivatives relating the 

equivalent potential temperature (EPT) for a pseudo-adiabatic process with parameters affecting its variation 

from equations are being obtained. The magnitude of these derivatives' gradients was used to bolster regression 

results, showing the mixing ratio (MR) of air as the parameter with the most effect on EPT variation. The MK 

test results show that the atmospheric pressure (AP) and average ambient temperature (AT) were all increasing 

significantly for all variations (annual, dry and wet seasons). In contrast, others varied between dry and wet 

seasons after adopting a benchmark significance level of 5% (0.05). The correlation matrixes and linear 

regression pair plots show a strong relationship between the variations of refractivity, EPT, the temperature at 

the lifting condensation level (TL), MR, vapor pressure (VP), specific humidity (SH), and the dew point 

temperature (DPT). The potential temperature (PT), saturated vapor pressure (SVP), saturated mixing ratio 

(SMR), and the AT relationships showed a robust positive correlation/regression. This correlation offers a 

connection between the AT and the PT. The processes, including the partial derivatives, pair plots, correlation 

matrixes, and tests for trends, provide a solution to the meteorological analysis problem. Results and methods 

can be applied in other regions.   
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Abbreviations 

EPT Equivalent potential temperature 

ET Equivalent temperature 

PT Potential temperature 

MT  Maximum temperature 

TL Absolute temperature at the lifting condensation level  

MR Mixing ratio  

SMR Saturated mixing ratio 

VP Vapour pressure 

SVP Saturated vapour pressure 

DPT Dew point temperature 

SH Specific humidity 

RH Relative humidity 

AT Average Temperature 

AP  Armospheric pressure 

M-K  Mann-Kendall 

SSE Sen’s slope estimator 

p-value probability value 

EM Electromagnetic 

VHFs Very high frequency(ies) 

ITU Intermational Telecommunication Union 

 

1 Introduction 
 

An understanding of how meteorological parameters relate to each other is one of the fundamental requirements 

in climatology. In-depth knowledge of their variations is vital in not just understanding climate change but curbing 

it. Discerning the seasonal, annual, monthly, and even daily variations of the basic parameters can serve as a 

building block to interpreting and forecasting weather. 

Effects ranging from radio signal propagation, extreme humidity, air pollution (Akpinar et al. 2008; Fang et al. 

2007), fungal spores in the air (Grinn-Gofroń and Strzelczak, 2011; Grinn-Gofroń and Bosiacka, 2015), etc., are 
all a result of this. An understanding of how all these parameters relate to each other cannot be overemphasized. 

Some parameters directly affect others, while some relate to each other, mainly because they have the same 

fundamental relationship. For example, Agbo et al. (2020) explained with theoretical proof what we know; relative 

humidity is related to the atmospheric vapor pressure. However, the relationship is not too direct; they are related 

to the atmosphere's water vapor contents.  

In their review paper Agbo et al., (2021a) highlighted the importance of understading the trends of temperature 

which is related to solar radiation  for effective electricity generation.   

Understanding these variations, together with their relationship (correlation), will help researchers understand 

how and to what percentage these parameters affect each other. This understanding is necessary to comprehend 

things like radio wave networks' accurate performance when they are at very high frequencies (VHFs) (Adediji et 

al., 2014). 

Studies have been carried out to buttress radio wave propagation (Agbo et al., 2021b; Agbo 2021;  Adediji et al. 

2011; Kim et al. 2014) to discern the variation of radio refractivity as affected by some meteorological parameters 

including RH, AP and average ambient temperature (AT). This study will handle this area and go deeper by 

studying more parameters whilst trying to find the link between all of them, including the dew point temperature 

(DPT), the specific humidity (SH), the saturated vapor pressure (SVP), the vapor pressure (VP), the saturated 

mixing ratio (SMR), the mixing ratio of air (MR), the absolute temperature at the lifting condensation level ( L
T ), 

the potential temperature (PT), the equivalent potential temperature (EPT) and how they relate with each other. 

This study is relatively novel as the relationship between the parameters like refractivity, EPT, etc., has not been 

deeply understood. The EPT for a pseudo-adiabatic process takes into account the AT, AP, MR, VP (relating to 
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RH), SMR 
L

T , and PT; approximate solutions of the EPT for a pseudo-adiabatic process are being adapted from 

Bolton (1960). We will be adopting the non-parametric M-K test to study the annual, dry season, and rainy (wet) 

season variations and the relationship between all the parameters mentioned above in these seasons. 

Hypothetically, studying the atmosphere (specifically the troposphere) is like looking at a prism with an almost 

unity index of refraction (Agbo et al. 2020); this "almost unity" index of refraction, although negligible, has 

enormous effects on the climatic conditions of a region.    

The M-K test is a famous test for time series variations and is majorly applied in climatology and related studies 

(Roboaa and Al-Barazanji, 2015; Mondal et al. 2012; Atta‑ur‑Rahman and Dawood 2017; Kisi and Ay., 2014) to 
understand the significance (if any) of the increasing (positive Kendall Z statistic value) or decreasing (negative 

Kendall Z statistic value) variations (Chattopadhyay et al. 2012). We will apply this test method to understand the 

trend of each parameter over time individually.                          

 

We can understand the significance of the trend (increasing or decreasing) by noting the significance level (α). 
We have a significantly growing trend when the observation's p-value is less than α; the trend here is said to reject 
the null hypothesis, which means that there is a trend in the series. Consequently, we have a significantly 

decreasing trend when the observation's p-value is less than α. (Alhaji et al., 2018). The movement here is said to 
accept the null hypothesis, which means no trend is in the series being analyzed. 

This test has been applied by Agbo (2021) in his study after taking advantage of the pymannkendall package of 

the python programming language. He studied the variation of maximum temperature in southern Nigeria for the 

annual and seasonal (dry and wet season) variations. Results show a positive Z-value showing an increasing 

maximum temperature trend for all these seasons (2.52, 3.23, 4.05, respectively). These showed that the wet 

season had the highest increase over the years. The p-values for all variations were less than the level of 

significance (0.05), showing that the increasing trend had no significance.  

 

We aim to achieve this research's objectives as the meteorological parameter's theory has been studied, including 

refractivity and EPT. The time-series analysis tool (the M-K test) too, all reviewed in section 2. 

The present research article is organized as follows, in section 2, we review the theory of refractivity as it relates 

to all obtained (AT, AP, and RH) and calculated meteorological parameters (SVP and VP), EPT relating to the 

MR of air, SMR, L
T , PT, etc. We also go ahead to review the time series analysis technique, the M-K test, and 

relating it to the SSE; Sen (1968). We delve deeper into the methodology in section 3 by describing the region of 

study and her climatic conditions. The data collection method and the data processing tools and techniques were 

elaborated here. We also reviewed equations for parameters like the DPT and the SH. 

In section 4, seasonal trends for all the aforementioned meteorological parameters are plotted every month for all 

the years in the study; this was done for the dry and wet seasons. The relationship between all the study parameters 

was discerned, focusing on the parameters that have a direct relationship with each other. This relationship was 

determined using correlation matrixes (annual and monthly) and linear regression pair plots. Partial differentials 

were also used to understand the effect of some parameters variation on the change in others. The M-K test is also 

adopted and used to test for trends for the annual, dry, and wet season variations. All results were adequately 

discussed, and facts were drawn. We give our concluding remark in section 5. 

 

2 Theoretical Background 

2.1 Refractivity Theory 

 
All EM waves must obey the inverse square law (Javeed et al., 2018; Oyedum 2008), where the radiated wave 

will have a value that is reduced quadratically with the increase of distance away from the source. These EM 

waves will be reflected, refracted, etc.  

Refractivity, which we will be partly studying, is coined from the refractive index n, which is related to the speed 

of the signal in free space �� and the speed of the signal in the specified medium �� (in this case the atmosphere) 

as    (Javeed et al. 2018; Oyedum 2008); 

f

m

V
n

V
            (1) 

The signal's speed in the atmosphere will be less than that in free space because some parameters impede the 

speed of the EM wave in the atmosphere. Therefore, the ratio in equation (1) cannot be unity, but a little bit more. 

According to (Chinelo and Chukwunike 2016), these values are higher in the troposphere while they reduce to 

unity as we increase in altitude in the atmosphere.   

Refractivity and refractive index is related by (Ojo et al. 2015); 
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   61 10N n N Units            (2) 

Given the value of n, we can obtain refractivity from equation (2) above. However, refractivity, which is measured 

with refractometers, can be calculated by the adoption of meteorological parameters including, the AP (P) in hPa, 

VP (e) in hPa, and the Absolute Temperature (Tk) in Kelvin, with the equation recommended by the ITU and 

applied in various studies (Kaissasou et al. 2015; Ogunsua et al. 2018; Agbo 2021; Adediji et al. 2011; Faladun 

and Okeke, 2013; Ayantunji et al. 2011) 

 5

2
77.6 3.73 10

k k

P e
N N units

T T
           (3) 

Careful observation of equation (3) above shows that refractivity is a summation of two terms, the dry 77.6
k

P T  

and the wet term 5 23.73 10 ke T . The wet term contributes to more variation while the dry term contributes more 

to the total value with an almost constant variation (Agbo et al. 2020; Dairo and Kolawole 2017, Ayatunji et al., 

2011; Alimgeer et al., 2018). 

 

Equation (3) shows that the VP (e), is required to calculate refractivity; this term is related to the RH (H);  

 
100

s
e H

e hPa           (4) ��  here is the maximum or saturated vapour pressure (SVP) in hPa; calculated using Clausius-clapeyron relation; 

   
17.26 273.16

6.11exp
35.87

k

s

k

T
e hPa

T

 
  

 
       (5) 

where 

Tk is the Absolute temperature (K) 

 

2.2 Theory of Equivalent Potential Temperature (EPT) for a Pseudo-Adiabatic Process 
 

The EPT, which can also be called the potential equivalent temperature, represented by E
  is related to parameters 

like; the temperature at the lifting condensation level L
T , the MR ( r), the PT ( ), the equivalent temperature, 

and the SMR (rs), etc. (Agbo et al. 2020; Bryan 1980) 

Radio wave propagation in the atmosphere is affected by air parcels' movement through the atmosphere; this 

varies the atmospheric pressure. These changes lead to condensation; the temperature of an air parcel that is 

unsaturated will not condense, howbeit, a saturated air parcel will condense (Bolton, 2008). The processes for a 

saturated air parcel are irreversible.   

A pseudo-adiabatic process is a saturated process; in this process, water released from condensation is released as 

heat or water vapor. Since this heat is not gained or lost (adiabatic process), the heat gets added back to the air 

parcel (Bechtold, 2009). This means that a saturated air parcel that passes through an adiabatic process losses heat 

at a much slower rate than unsaturated air.      

We consider L
T (the absolute temperature at the lifting condensation level); this is the temperature a given air 

parcel would attain if lifted dry adiabatically to its lifting condensation level. At the lifting condensation level, the 

dry air parcel becomes saturated after being raised adiabatically. 

For accurate values of L
T , Bolton (1960) gives the relation to be; 

2840
55

3.5 4.805
L

k

T
InT Ine

 
 

        (6) 

e is the vapour pressure in hPa  

k
T is the absolute temperature in kelvin 

The vapour pressure is related to the mixing ratio of air by the relation;    

e
r

P e



          (7) 

where 621.97d

v

R

R
    

621.97
e

r
P e




          (8) 

e is the vapour pressure, and P is the atmospheric pressure. Similarly, the saturated mixing ratio can be represented 

as   
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         (9) 

Using the mixing ratio r and the absolute temperature Tk, the potential temperature  can be obtained to be; 

 3
0.2854 1 0.28 10

1000
r

K
T

P


 
   
 

        (10) 

This is the temperature in which an unsaturated air parcel would have had if it is lifted dry adiabatically to 

1000hPa. 

The EPT E
 is related to the temperature at the lifting condensation level L

T  , the PT  , the MR r, the absolute 

temperature (in kelvin) k
T , and the atmospheric pressure P by (Bolton 1960; Davies-Jones 2009); 
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   (11) 

We consider the variations of Cpd  (specific heat at constant pressure) with temperature and pressure. On that note, 

EPT can be defined as an air parcel's final temperature, which is attained when that air parcel is adiabatically lifted 

dry to its lifting condensation level L
T  (Bechtold, 2009). We should note that since this process is adiabatic, this 

happens without the loss or gain of heat. This will make all the moisture condense pseudo-adiabatically 

(concerning water saturation), then drop out the condensed water as it is formed. Finally, it is being brought down 

dry adiabatically to 1000hPa (Agbo et al., 2021b). 

Understanding of the application of EPT and PT has been studued by Gao and Cao (2007) for the application in 

cyclone tracks in nonunifirmly saturated atmosphere, comparisons of generalized PT in a moist atmosphere with 

the EPT in a saturated moist atmosphere by Zhou et al. (2009), EPT and PT patterns at cold fronts with pre-fontal 

foehn by Hiemann (1992). This buttresses the importance of our study as it relates to other paraneters.     

 

 

2.3 Test for Trend (The Mann-Kendall Trend Test as Applied in the Analysis of Climatic 

Parameters) 

 
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. (Agbo 2021) 

We apply this test when a given range of data i
x agrees with the relation (Salmi et al. 2002); 

 i i i
x f t          (12) 

 i
f t 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 �� which says that there is no trend, and the alternative hypothesis �� 

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 �� 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; 
1

1 1

sgn( )
n n

j k

k j k

S x x


  

          (13) 

where; 

 
 
 
 

1; 0

sgn 0; 0

1; 0

j k

j k j k

j k

if x x

x x if x x

if x x

  
   

  

       (14) 

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. However, S's higher positive values suggest an increasing trend and 

lower negative values indicate a decreasing trend.  

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 
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values are close to 10. 

To compute the value of the Z statistic, we obtain the variance of S ' ( )VAR S  ' (Agbo 2021) 

      
1

1
( ) 1 2 5 1 2 5

18

g

p p p

p

VAR S n n n t t t


 
      

 
      (15) 

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 ��� the group is represented by ��. 

We can now obtain the test statistic Z, using the values of ( )VAR S  and S; (Agbo 2021) 

1
; 0

( )

0; 0

1
; 0

( )

S
S

VAR S

Z S

S
S

VAR S

 
 
  


       (16) 

The decreasing variation is discerned the Z value is negative, and an increasing trend is seen from a positive Z 

value. Both interpretations can be concluded to have a significant trend if and when 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. 

 

3 Methodology for the Meteorological Analysis 

3.1 Study Area 
Calabar, a coastal city and the Cross River State capital (Figure 1) and has a land area of approximately406 sq km 

(157 sq miles), is located at latitude 4º57'06''N and longitude 8º19'19''E. Her primary climate type is the tropical 

monsoon climate contributed by her proximity to the Atlantic Ocean. The region elevates about 42 km; this varies, 

but this is the approximate elevation. The region's proximity to the Atlantic Ocean' drives conventional waves to 

the area, making the area very humid' (Agbo et al. 2021b), which is related to high rainfall, expounded in studies 

by Agbo et al. (2020), Agbo and Ekpo. (2021), Agbo (2021) and Agbo et al. (2021b). 

Throughout the year, the majority of the months in Calabar experience precipitation. The dry season lasts or about 

four months (November to February), characterized by the harmattan. There is a more extended period for the wet 

season (March to October); this makes the region's weather condition reasonably stable across the year. 

 

 
FIGURE 1: Map of the Study Area (Agbo 2021; Agbo and Ekpo. 2020) 

 

3.2 Data collection 
The minimum and maximum ambient temperature, RH, and AP were the only meteorological parameters obtained 

for 14 years from the Nigerian Meteorological Agency (NiMet) in Calabar. All other parameters were calculated 
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from the obtained parameters. 

The geographical location of NiMet Calabar is displayed in figure 2 at the Margaret Ekpo International Airport, 

Calabar.  

 

 
FIGURE 2: An overview of the Calabar metropolis, showing the location of NIMET at Margaret Ekpo 

International Airport (Agbo 2021; Agbo et al. 2020). 

 

3.3 Data Processing Method  
 

The obtained meteorological parameters from NiMet (The daily minimum and maximum temperature, RH and 

AP) were all utilized to get all other parameters. Their obtained daily values were averaged to get the monthly 

values. The average temperature value was obtained from finding the average of the minimum and maximum 

temperature. 

The VP and the SVP were calculated using equations (4) and (5). These parameters were utilized with the obtained 

meteorological parameters to calculate refractivity using equation (3) rather than refractometers. 

Parameters relating to the EPT were also utilized. The absolute temperature at the lifting condensation level ( L
T

) the MR, the SMR, and the PT were all calculated using equations (6), (8), (9), and (10), respectively. The EPT 

utilized all these aforementioned parameters and was calculated using equation (11). 

The DPT is related to the RH and temperature in Celsius by the relation; 

17.625

100 243.04
243.04

17.625
17.625

100 243.04

D

RH T
In

T
T

RH T
In

T

          
          

                   (17)  

The SH related to the mixing ratio was calculated using; 

1

r
q

r



          (18)   

Where q is the specific humidity and r is the mixing ratio of air.  

This study's analysis tool is the python programming software used with the Jupyter Notebook IDE. The Wolfram 

Mathematica software has also been adopted for getting partial differentials. The time series was studied using 

the M-K test to show the increasing or decreasing variation; this was done using the python software's 

pymannkendall package. The Kendall Z-values were computed without the software by using equation (16).  

The M-K test was done for both the annual and seasonal variations. The wet season in the region was taken from 

March through to October (8 months), the dry season was taken from November through February (4 months). 

This was done to infer the difference and effects of both seasons on the variations of all parameters. 

In addition to the M-K test results, descriptive and correlation tables were used to describe the data and show the 

relationship between them for the annual and monthly variation. Correlation matrixes and pair plots of linear 

regression were plotted to buttress the relationships between all parameters, showing which parameter affected 

the other's interpretation, or at least which parameters have related variations. 
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4 Results from the Meteorological Analysis of all Climatic Parameters  

       
FIGURE 3: Monthly time-series variation for relative humidity over the two seasons for the period 2005 - 2018 

 

 
FIGURE 4: Monthly time-series variation for atmospheric pressure over the two seasons for the period 2005 - 

2018  

   

 

FIGURE 5: Monthly time-series variation for minimum temperature over the two seasons for the period 2005 - 

2018      

 

 
FIGURE 6: Monthly time-series variation for all temperature trends over 2005 – 2018, showing the deviation 

for each.     
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4.1 Results of the Mann-Kendall Trend Test 

 

[Table 1 about here.] 

 

 Annual Variation  
 

The annual variation of meteorological parameters has been detected using the M-K test and summarized in table 

1. Results show that most parameters did not have significant trends after their p-values were found to be greater 

than the significant level (0.05). The positive Z-value in the tables shows an increasing variation. In contrast, a 

negative Z-value shows a decreasing variation. The AP and MT both had a significant trend, increasing over the 

years. Howbeit, the AP trend had the most significant increase. 

Only the minimum temperature and RH had decreasing variations, although their variation was not decreasing 

significantly (p-values > 0.05). 

The AT, DPT, SH, SVP, VP, SMR, MR, L
T , PT, EPT and refractivity all had increasing variations. Still, none of 

them increased significantly after their p-values were greater than the significant level (0.05). 

The annual variation shows that most of the analyzed parameters did not have significant trends, proving that the 

climatic condition in the region, although increasing, is almost uniform. 

For the AP, the trend has the most significance (with p-value < 0.001), proving that Calabar is a coastal region 

with increasing pressure on her troposphere; this may be attributed to the constant humidity in the area arising 

from the long wet season. The wet season variation is discussed in the next subsection. The Kendall Z-value for 

AP was the highest (Z = 3.83). 

 

[Table 2 about here.] 

 

 Wet Season Variation  
 
The variation of all obtained and calculated meteorological parameters for the wet season in Calabar has been 

analyzed using the M-K test for all years and presented in Table 2, the wet season data, analyzed for March 

through October (8 months). 

Results show that the AP (p-value < 0.001), relative humidity (p-value < 0.01), minimum (p-value < 0.01), and 

maximum (p-value < 0.001) were all found to have significant trends, with the AP and MT having an increasing 

trend positive Kendall Z-values of 7.79 and 4.05 respectively. In contrast, the RH and minimum temperature both 

had negative Kendall Z-values (-2.89 and -2.29, respectively). The high positive Kendall Z-values of the AP for 

the wet season variation (observed in table 2) proves that the wet season contributes more to the increase in AP 

with the rise in the water vapor content of the atmosphere (troposphere). 

All other obtained and calculated parameters analyzed did not have significant trends (p-values > 0.05), albeit 

increasing variations were observed in the AT, SVP, SMR, and PT. Other variations were negative (decreasing) 

but were not reducing significantly (p-values > 0.05). 

The decreasing variations of parameters like the RH, minimum temperature, DPT, SH, VP, MR, the L
T , EPT, 

and refractivity show that the wet season does not contribute to the increase in their variations over the years. 

Howbeit, the decrease is significant for that of relative humidity and minimum temperature. 

 

 

[Table 3 about here.] 

 

 Dry Season Variation  

 
The results from the analysis of the variations of all obtained and calculated parameters for the dry season in 

Calabar are shown in table 3. November through February are the months of the dry season in the region; the 

results were continuously analyzed for all years for these four (4) months. 

Compared to other variations (annual and wet season), more parameters were observed from the M-K test results 

to have significant trends in their variations. 

The most significant trends were the AP variation (p-value < 0.001) and the MT (p-value < 0.01). These trends 

were found to be all increasing together with RH, DPT, VP, the L
T and refractivity (p-values < 0.05), and all with 
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positive Kendall Z-values. Only the minimum temperature variation was decreasing over the years during this 

season, without significance (p-value > 0.05). 

Other parameters like the AT, SH, SVP, SMR, MR, PT, and EPT were increasing (positive Z-values) but without 

significance at a 95% confidence level. 

The increasing and significant refractivity trends, the 
L

T , VP and DPT show that these parameters are mostly 

affected by the dry season. Observations reveal that the monthly variation parameters (mentioned above) have 

their maximum values in a month of the dry season (almost always February). 

 

 

 

[Table 4 about here.] 

 

[Table 5 about here.] 

 

 

 
FIGURE 7: Monthly time-series variation for (a) average temperature (b) maximum temperature (c) saturated 

mixing ratio (d) saturated vapour pressure and (e) potential temperature, over the two seasons for the period 

2005 - 2018      
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FIGURE 8: Monthly time-series variation for (a) dew point temperature (b) specific humidity (c) mixing ratio 

(d) vapour pressure and (e) equivalent potential temperature (f) absolute temperature at the lifting condensation 

level, and (g) refractivity, over the two seasons for the period 2005 - 2018      
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4.2 Discussion 

The RH trend in the dry and wet season for all years has been plotted in Figure 3. From a mere observation of the 

trend, it is clear that it does not show a significant increase over the years. This proves the annual, wet, and dry 

season M-K test results for RH (Table 1, Table 2, and table 3, respectively; negative Kendall Z values). The lowest 

points of the trend variation can be observed in the first two (January and February) and the last two (November 

and December) months of the year; these are seen in the dry season. This proves that RH variation follows a 

change in seasons as there is more water vapor in the atmosphere during the wet months (March through October), 

with the peak values observed around August (table 4). This is so for all years observed in Figure 3.  

The wet months' deviation is not as much as that of the dry months, proving the region's almost uniform weather 

condition (Agbo et al. 2020). Results also show from the M-K test that the RH trend is increasing significantly 

for the dry season; this can be discerned from figure 3 as the dry season trend is growing across all years, unlike 

that of the wet season trend, which is higher than the dry season trend but is relatively stable compared to the dry 

season trend. 

 

Observations of the AP variation in figure 4 clearly show an increasing trend over the years for both the dry and 

the wet seasons. This is proven by the significantly increasing trend results for the M-K test for the annual (Z=3.83; 

p-value < 0.05), wet season (Z = 7.79; p-value < 0.05) and dry season variations (Z = 4.51; p-value < 0.05) in 

table 1, table 2 and table 3 respectively. The trend has its highest points around the same time as that of RH 

because of the increase in the atmosphere's water vapor contents 

 

Figure 5 shows the variation of the minimum temperature, while Figure 6 shows the variation of all the 

temperature trends in a single plot. We can see that the MT has a higher deviation than the minimum temperature 

for annual and monthly variations (table 4 and 5 shows this). This indicates that the AT is mostly affected by the 

MT variation. Careful observation of Figure 7 (a and b) , shows that the MT and AT follows the same trend. Both 

were observed to have the highest values in the early months of the year (February on average) during the dry 

season. They steadily become lower during the heavily humid (wet season) months (June, July, and August). This 

shows a trend that is relatively opposite to that of RH in figure 3. 

 

The SMR, the SVP, and PT trends all follow the same variation. This can be observed from the plots in figure 7 

(c, d, and e). The figures are characterized by higher values in the dry season months of the year and dropping 

steeply during the wet season months and then climbing up steadily during the latter parts of the year towards the 

dry season. The trend is not significant from the observation for all years as observed from the M-K results in 

table 1, table 2, and table 3 for the annual, wet, and dry season variations. To prove the similarity in the trends 

mentioned above, we observe results from the correlation matrix for annual variation in figure 9. We can see that 

these parameters all have a high positive correlation, proving our observation from the figures. The SVP and PT 

both have a relationship with the AT from equations (5) and (10); this is why they have a high positive correlation 

coefficient. These trends show an opposite variation to that of RH; this means they don't have high values in the 

wet seasons, as explained earlier.          

 

A careful observation of the variations for the DPT, SH, VP, MR, the L
T , somewhat the EPT, and refractivity 

trendsin Figure 8 all showed similar trends. They all have their lowest values in the dry months, and their highest 

values come at about the start of the wet season. It gets relatively stable for the rest of the wet months. They have 

the increasing variations in the dry months from the M-K test (table 3), after results show that all were increasing 

trends characterized by an increase in their minimum values, which is always observed in the dry months over the 

years. These trends were reducing as their maximum values for the wet months, were consistently observed in the 

wet months (evident from the figures), reduced overtime. The correlation matrix for the annual variation (figure 

9) proves this from the highly positive coefficient of correlation shown between all the parameters mentioned 

above.   
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FIGURE 9: Correlation Matrix for Annual variation 

 

 
FIGURE 10: Correlation Matrix for Monthly Variation in a year 
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FIGURE 11:  Linear regression pair plot for all parameters related to EPT, showing the nature of their 

relationship/dependence.  
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FIGURE 12: Linear regression pair plot for all parameters related to refractivity showing the nature of their 

relationship/dependence.
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4.3 Annual Relationship of Parameters (Regression pair plots and Correlation Matrix) 
We aim to understand our meteorological analysis by discerning the relationships between each parameter 

(obtained or calculated) using regression analysis and correlation. We can see from the correlation matrix for 

the annual variation (figure 9) that the AT, SVP, SMR, and PT have a strong positive relationship with each 

other. The regression plot in figure 11 shows a strong linear relationship between AT and PT (R = 0.97). This 

indicates that the AT is the same as when an unsaturated air parcel would rack up if it were adiabatically taken 

dry to 1000hpa (Agbo et al. 2020). We note that the SVP and the SMR are affected by the AT. The SVP deals 

with the pressure exerted by a vapor when it is entirely saturated, positively influenced by the ambient 

temperature. The same could be said for the saturated mixing ratio as this function is thermodynamic, relating 

to the value of the mixing ratio of saturated air, which is, of course, at a given temperature.   

The relationship between the DPT, SH, VP, MR, the L
T , refractivity, and the EPT are all positively correlated 

(figure 9) with the annual variation. 

 

For parameters adopted for calculating the EPT, a linear regression plot is obtained in figure 9. Results show 

that amongst all the parameters adopted in calculating the EPT (equation 11), the AP has the least effect on 

the EPT's variation (R = 0.20). The MR and temperature at the lifting condensation level ( L
T ) have the most 

impact on her variation (R=0.98, and R=0.95, respectively); this is seen in the regression plot (figure 11). The 

AT and PT both have a reasonably strong trend with (R = 0.70). This trend can be explained by the fact that 

the LT  and MR are both enormous contributors for EPT because the process is pseudo-adiabatic (occurring 

without loss or gain of heat) and involving condensation of air with respect to the dry air mass; this proves 

physically, the strong relationship between EPT and L
T . 

 

For parameters adopted for calculating refractivity, the VP was found to have the most effect on the annual 

variation of refractivity from the regression plot (figure 12). The correlation matrix (figure 9) shows a very 

strong positive correlation (R=0.99); this proves that the refraction of radio waves which causes bending, 

ducting, etc. (Chinelo and Chukwumenke 2016), are massively affected by the water vapor content of the 

atmosphere. This can be similarly discerned from the linear regression of RH with refractivity (R = 0.76). 

This result is in agreement with (Agbo et al. 2020). The atmospheric pressure has the least effect (R = 0.25), 

and the average ambient temperature has a relatively strong positive coefficient of correlation (R = 0.48). The 

VP is affected by the AT and the RH; this affects most of the refractivity variation, agreeing with earlier 

results of the relationship between meteorological parameters and refractivity. 

Finally, it is crucial to bolster the point that although an equation does not relate the refractivity and the EPT, 

they have a very similar trend variation. The linear regression of the annual trend seen in figure 12 proves this 

close positive relationship, confirmed by a high positive correlation coefficient in figure 12 (R=0.95). This 

result is seen because both EPT and refractivity have to do with water vapor parameters in the atmosphere 

(condensation and vapor pressure, respectively). 

 

 

4.4 Monthly Relationship of Parameters (Regression pair plots and Correlation 

Matrix) 
The variation of the studied parameters with each other has also been analyzed for months in a year. The 

relationship between them has been displayed in the correlation matrix in Figure 10. 

The results show some similarities with that of the correlation for the annual variation. The difference here is 

that the measured meteorological parameters (AP, RH, minimum, temperature, and MT) show more effects 

(negative or positive) on the calculated parameters. 

The AP, for example, showed a strong negative coefficient of correlation with AT, SVP, SMR, and PT. This 

result shows that for the monthly variation in a year, this effect was not observed in the annual variation (figure 

9); the AP has an inverse relationship with these mentioned parameters for the monthly variation. Results 

show little or no dependence of monthly refractivity variation with AP. (R = 0.07); this was in huge contrast 

to RH and refractivity for the monthly trends after showing a strong positive correlation (R=0.83). 

RH is similarly positively correlated with the L
T (R=0.80) and SH (R=0.70). 

One thing to note about the effects of the AT on some parameters is that the SVP, SMR, and the PT all have 

an almost perfect correlation with the trend of AT for months in a year. This interpretation happens to be 

approximately similar to that of the annual correlation between them. It shows that the relationship between 

their variation is not affected by the change in seasons during the year. 

We note again that for monthly refractivity, the correlation coefficient is high for all parameters relating to 

the water vapor contents of the atmosphere (RH, DPT, SH, VP, MR, L
T  and the EPT) observed from Figure 

10. The same could be said for the variation of EPT. 

 

To further understand the relationship/contribution the related parameters have on the EPT, we obtain partial 

differentials of equation (11) with respect to the meteorological parameters contributing to its variation while 
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keeping other parameters constant. We do this to find the magnitude of their respective gradients; 

We obtain the partial derivative of EPT with respect to the AT as; 

   
 3

3
0.2854 1 0.28 10

0.2854 1 0.28 10 3 3.376 1
1000 exp 1 0.81 10 0.00254

r
rE

K L

r r
T T P





 

                   
  (19) 

 

Similarly, we obtain the derivative of EPT with respect to the L
T ;  
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The derivative of EPT with respect to the MR of the water vapor is; 
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For the AP, this brings; 
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And finally, we obtain the partial derivative of EPT with respect to PT   
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Now we analyze with the total annual values of the parameters, by substituting the values for 

300.28, 1005.97, 19.59, 296.92
K L

T P r T    into equations (19), (20), (21), (22), (23) we get; 
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         (24) 

The above results agree majorly with our correlation results from figure 9. The results from figure 9 shows 

that the MR has the highest coefficient of correlation with EPT; this corresponds to the highest gradient from 

equation (25), this is followed by the PT, the AT, and the AP. However, an anomaly was observed in the 

gradient of EPT with L
T  as it did not agree with the strong positive correlation coefficient from Figure 9. This 

result may be attributed to the fact that the variation L
T  has little or no effect on EPT variation, but their trends 

are similar, as explained by the correlation results.  
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5 Conclusion 
 

The relationship between some meteorological parameters relating to the variations of radio refractivity (RH, 

AP, AT, SVP, VP), parameters relating to the EPT (PT, 
L

T , MR, SMR) as well as the DPT and SH were all 

analyzed to show their effects and to discern the relationship they all have with each other. Their trends were 

analyzed using the M-K trend test for annual and seasonal variations. 

Data were obtained for the minimum temperature and MT, AP, and RH  for 14 years (2005-2018). Values for 

other parameters were calculated and applied. 

 

The correlation matrixes and linear regression pair plots show a strong relationship between the variations of 

refractivity, EPT, L
T , MR, VP, SH, and DPT. The PT, SVP, SMR, and AT relationship showed a very strong 

positive correlation/regression. This offers a connection between the AT and the PT, proving that the AT is 

almost equal to the temperature which an unsaturated air parcel would rack up if lifted dry adiabatically to 

1000 hPa; this is related to the SVP and SMR.  

 

The M-K test was applied annually (using the M-K original test) and the dry and wet seasons (using the 

seasonal M-K test). Adopting four months (November through February) for the dry season and eight months 

(March through October) for the wet season, obtained and calculated data were tested to infer trends with 

results showing that despite the increasing and decreasing variations of some parameters, some of their trends 

were not increasing or decreasing with significance after their p-values were found to less than the highest 

acceptable level of significance adopted in this study (α=0.05). 
 

Results from the M-K test show that the AP and the MT were both increasing significantly for both the annual 

and seasonal (dry and wet) variations after they were both found to have p-values < 0.05 for all variations. 

Other parameters which were increasing significantly were the RH and the minimum temperature (during the 

dry season). Consequently, in addition to the AP and maximum temperature, the RH, DPT, T(L), and 

refractivity were all increasing significantly (although at different significant levels) during the wet season; 

these parameters are directly or indirectly related to the water vapor component atmosphere.  

 

To crystalize our results on the relationship between some parameters related by equations, we have adopted 

a novel technique of partially differentiating the equation for EPT, obtaining partial derivatives of the EPT (

E
 ) with respect to parameters relating to its variation from equation (11). The gradients of these partials 

derivatives were presented in equations (equation). Data were used to obtain the magnitude of these 

derivatives' gradients to show how its results agree with the correlation matrix and linear regression pair plots. 

 

Results from the magnitude of this gradient show that the MR of air variations has the most significant effect 

on the EPT variation for a pseudo-adiabatic process from equation (24). 

In general, our results give a detailed understanding of all these parameters' trends and, most importantly, their 

relationships with each other. The results obtained here will provide readers and fellow researchers with an 

idea of how meteorological parameters affects each other's change and trend, giving a general idea on 

meteorological analysis. 

 

An understanding of the variation of moist air potential temperature can, and  has been applied by Marquet  

(2011) FIRE‐I data flights, this shows the vast appliavtions of these results.These results can be applied to 
other regions for meteorological forecasting and modeling as a panacea to an ever-changing climatic problem. 

Similarly, results can be applied to regions with the same climatic conditions (same latitude) to understand 

the kinds of devices (e.gs are devices for energy consumption) that are dependent on meteorological 

variability, as elaborated by Liu et al. (2017). 
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TABLE 1 

Results of the M-K trend test for each parameter, showing the nature of each of their annual variation. 

Variables 
Kendall's 

Tau 

Mann 

Kendall's 

Statistic 

(S) 

VAR(S) 

Test 

Statistic 

(Z) 

p-value 

(Two-

tailed) 

Intercept 

Sen's 

slope 

(Q) 

Test 

Interpretation 
trend 

AP 0.78 71.00 333.67 3.83 0.00013 1004.86 0.14 TRUE*** SF () 

RH -0.03 -3.00 333.67 -0.11 0.91 85.83 -0.02 FALSE NSF () 

Min Temp. -0.23 -21.00 333.67 -1.09 0.27 296.62 -0.02 FALSE NSF () 

MT 0.52 47.00 333.67 2.52 0.01 303.52 0.07 TRUE* SF () 

AT 0.08 7.00 333.67 0.33 0.74 300.07 0.02 FALSE NSF () 

DPT 0.12 11.00 333.67 0.55 0.58 297.49 0.02 FALSE NSF () 

SH 0.19 17.00 333.67 0.88 0.38 0.95 0.00006 FALSE NSF () 

SVP 0.08 7.00 333.67 0.33 0.74 35.60 0.03 FALSE NSF () 

VP 0.12 11.00 333.67 0.55 0.58 30.52 0.03 FALSE NSF () 

SMR 0.03 3.00 333.67 0.11 0.91 22.86 0.02 FALSE NSF () 

MT 0.12 11.00 333.67 0.55 0.58 19.48 0.01 FALSE NSF () 

L
T  0.16 15.00 333.67 0.77 0.44 296.78 0.02 FALSE NSF () 

PT 0.01 1.00 333.67 0.00 1.00 299.76 0.001 FALSE NSF () 

EPT 0.10 9.00 333.67 0.44 0.66 357.00 0.05 FALSE NSF () 

Refractivity 0.16 15.00 333.67 0.77 0.44 385.98 0.15 FALSE NSF () 

 

*Trend present at 5% (0.05) level of significance i.e., (p-value < 0.05) 

***Trend present at 0.1% (0.001) level of significance i.e., (p-value < 0.001) 

() indicates an increasing variation and () indicates a decreasing variation  

NSF – no significant trend 

SF – significant trend 
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TABLE 2 

Results of the M-K trend test for each parameter, showing the nature of each of their variation in the wet (rainy) season. 

 

Variables 
Kendall's 

Tau 

Mann 

Kendall's 

Statistic 

(S) 

VAR(S) 

Test 

Statistic 

(Z) 

p-value 

(Two-

tailed) 

Intercept 

Sen's 

slope 

(Q) 

Test 

Interpretation 
trend 

AP 0.55 400.00 2624.00 7.79 6.7E-15 1005.75 0.14 TRUE*** SF () 

RH -0.21 -150.00 2667.33 -2.89 0.004 90.92 -0.13 TRUE** SF () 

Min Temp. -0.16 -119.00 2657.67 -2.29 0.02 296.62 -0.03 TRUE** SF () 

MT 0.29 210.00 2663.33 4.05 0.0001 302.85 0.06 TRUE*** SF () 

AT 0.13 96.00 2667.33 1.84 0.07 299.68 0.02 FALSE NSF () 

DPT -0.06 -46.00 2669.33 -0.87 0.38 297.93 -0.01 FALSE NSF () 

SH -0.07 -52.00 2669.33 -0.99 0.32 0.95 -0.00003 FALSE NSF () 

SVP 0.13 96.00 2667.33 1.84 0.07 34.65 0.03 FALSE NSF () 

VP -0.06 -46.00 2669.33 -0.87 0.38 31.22 -0.01 FALSE NSF () 

SMR 0.12 90.00 2669.33 1.72 0.08 22.20 0.02 FALSE NSF () 

MT -0.07 -52.00 2669.33 -0.99 0.32 19.92 -0.01 FALSE NSF () 

LT  -0.05 -38.00 2669.33 -0.72 0.47 297.46 -0.01 FALSE NSF () 

PT 0.03 24.00 2669.33 0.45 0.66 299.21 0.004 FALSE NSF () 

EPT -0.05 -36.00 2669.33 -0.68 0.50 357.97 -0.04 FALSE NSF () 

Refractivity -0.04 -28.00 2669.33 -0.52 0.60 391.18 -0.03 FALSE NSF () 

**Trend present at 1% (0.01) level of significance i.e., (p-value < 0.01) 

***Trend present at 0.1% (0.001) level of significance i.e., (p-value < 0.001) 

() indicates an increasing variation and () indicates a decreasing variation  

NSF – no significant trend 

SF – significant trend 
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TABLE 3 

The M-K trend test results for each parameter showing the nature of each of their variation in the dry season. 

Variables 
Kendall's 

Tau 

Mann 

Kendall's 

Statistic 

(S) 

VAR(S) 

Test 

Statistic 

(Z) 

p-value 

(Two-

tailed) 

Intercept 

Sen's 

slope 

(Q) 

Test 

Interpretation 
trend 

AP 0.45 165.00 1325.00 4.51 6.6E-06 1004.14 0.13 TRUE*** SF () 

RH 0.20 74.00 1332.67 2.000 0.046 75.22 0.19 TRUE* SF () 

Min Temp. -0.14 -52.00 1332.67 -1.40 0.16 296.82 -0.04 FALSE NSF () 

MT 0.33 119.00 1333.67 3.23 0.0012 305.10 0.08 TRUE** SF () 

AT 0.11 40.00 1334.67 1.07 0.29 300.73 0.02 FALSE NSF () 

DPT 0.21 76.00 1334.67 2.05 0.04 296.39 0.08 TRUE* SF () 

SH 0.19 70.00 1334.67 1.89 0.06 0.95 0.00026 FALSE NSF () 

SVP 0.11 40.00 1334.67 1.07 0.29 36.84 0.04 FALSE NSF () 

VP 0.21 76.00 1334.67 2.05 0.04 28.46 0.15 TRUE* SF () 

SMR 0.10 38.00 1334.67 1.01 0.31 23.66 0.02 FALSE NSF () 

MT 0.19 70.00 1334.67 1.89 0.06 18.13 0.09 FALSE NSF () 

L
T  0.21 76.00 1334.67 2.05 0.04 295.07 0.11 TRUE* SF () 

PT 0.04 14.00 1334.67 0.36 0.72 300.28 0.009 FALSE NSF () 

EPT 0.19 68.00 1334.67 1.83 0.07 353.62 0.236 FALSE NSF () 

Refractivity 0.21 78.00 1334.67 2.11 0.04 376.14 0.58 TRUE* SF () 

*Trend present at 5% (0.05) level of significance i.e., (p-value < 0.05) 

**Trend present at 1% (0.01) level of significance i.e., (p-value < 0.01) 

***Trend present at 0.1% (0.001) level of significance i.e., (p-value < 0.001) 

() indicates an increasing variation and () indicates a decreasing variation  

NSF – no significant trend 

SF – significant trend 
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TABLE 4 

Descriptive statistics for annual variation showing the mean, standard deviation (std), and the 5-point summary (minimum, different quartile values, and the maximum). Where 25%, 50%, 

75% are the 1st quartile (Q1), 2nd quartile (Q2), and 3rd quartile (Q3) values, respectively 

Parameters mean std min 25% 50% 75% Max 

AP 1005.97 0.66 1005.15 1005.47 1005.78 1006.39 1007.09 

RH 85.71 1.43 83.26 84.92 85.68 86.88 87.97 

Min Temp. 296.46 0.34 295.63 296.40 296.50 296.64 296.99 

MT 304.10 0.38 303.61 303.81 303.96 304.41 304.83 

AT 300.28 0.28 299.79 300.11 300.22 300.50 300.71 

DPT 297.61 0.36 297.02 297.36 297.61 297.83 298.23 

SH 0.95 0.00 0.95 0.95 0.95 0.95 0.95 

SVP 35.94 0.57 34.92 35.59 35.82 36.30 36.88 

VP 30.71 0.64 29.61 30.29 30.69 31.15 31.88 

SMR 23.05 0.38 22.37 22.82 22.99 23.29 23.69 

MT 19.59 0.42 18.87 19.31 19.57 19.90 20.37 

L
T  296.92 0.40 296.31 296.67 296.91 297.21 297.65 

PT 299.77 0.25 299.29 299.63 299.77 299.93 300.25 

EPT 357.37 1.46 354.61 356.25 357.35 358.27 359.94 

Refractivity 387.11 2.44 383.38 385.64 386.97 388.86 391.57 
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TABLE 5 

Descriptive statistics for monthly variation showing the mean, standard deviation (std), and the 5-point summary (minimum, different quartile values, and the maximum). Where 25%, 

50%, 75% are the 1st quartile (Q1), 2nd quartile (Q2), and 3rd quartile (Q3) values, respectively 

Parameters mean std min 25% 50% 75% max 

AP 1005.97 1.24 1004.52 1005.01 1005.54 1006.92 1007.82 

RH 85.71 6.98 70.63 84.96 88.54 90.03 91.81 

Min Temp. 367.95 8.90 347.51 367.45 372.84 373.29 373.82 

MT 412.03 9.81 396.16 405.01 412.44 418.15 425.93 

AT 300.27 1.05 298.61 299.61 300.48 301.03 301.95 

DPT 297.61 1.18 295.16 297.28 297.79 298.18 299.09 

SH 0.95 0.00 0.94 0.95 0.95 0.95 0.96 

SVP 35.94 2.21 32.53 34.51 36.32 37.50 39.56 

VP 30.71 2.11 26.45 30.04 30.99 31.72 33.47 

SMR 23.05 1.50 20.75 22.08 23.32 24.11 25.50 

MT 19.59 1.39 16.81 19.11 19.78 20.26 21.44 

L
T  296.92 1.44 293.73 296.83 297.15 297.64 298.46 

PT 299.77 1.15 297.96 299.03 300.02 300.60 301.56 

EPT 357.37 4.68 350.13 353.84 357.18 360.93 364.57 

Refractivity 387.11 8.55 368.08 386.59 388.69 391.53 396.03 
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