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Abstract

To achieve optimal performances, radio link/system planning and design must take radio refractivity
estimation very seriously. This study utilizes measured average daily temperature, relative humidity,
and atmospheric pressure for forty-one-year period (1981-2021) obtained from the National
Aeronautics and Space Administration (NASA) archives for Zaria (latitude 11.10° N, longitude 7.68°
E) strategically located in Nigeria’s midland climate zone to calculate the monthly tropospheric radio
refractivity and look into how it varies with other meteorological factors and radio refractive index. The
percentage of the contribution of dry term (Nan) and wet term (Nuwe) to radio refractivity and
refractivity gradient were investigated. The findings indicated that radio refractivity was higher during
the rainy season (August) and lower’during the dry season (February), with a maximum mean value
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of 350.8733 N-units and a minimum mean value of 284.1975 N-units, respectively, found in those
months. The wet term contributes to the significant fluctuation of the radio refractivity, whereas the
dry term makes up 76.03% of the total value. The gradient of mean refractivity estimated for Zaria was
found to be - 43.8709 N - units/km indicating super-refraction propagation condition.

Keywords: Dry term, radio refractivity, wet term, refractivity gradient, Zaria

INTRODUCTION

The troposphere is the part of the atmosphere most directly associated with human life. It is
the lowest layer of the earth’s atmosphere and region of all weathers on earth (Akpootu and
Iliyasu, 2017a). The troposphere extends from the earth’s surface to altitude of about 10 km at
the earth’s pole and 17 km at the equator and tends to affect radio frequencies above 30 MHz
(Hall, 1979). At the lower part of the earth called the troposphere, the tropospheric refraction
is due to the fluctuations of weather parameters like temperature, pressure and relative
humidity (Akpootu and Iliyasu, 2017a). One of the main ways to transmit and receive
information is through radio transmission. These signals typically lose some energy when
they move from one place to another for a variety of reasons. Since radio signals are
propagated by carrier waves travelling through the earth’s atmosphere it becomes imperative
to understand the wave’s mechanism of propagation through different environments and
their conditions (Iloke et al., 2020).

Because the troposphere's refractive index is so close to unity, variations in this value affect
radio wave propagation. The range of the radio waves is estimated by the height dependence
of the refractivity. Therefore, the refractivity of the atmosphere will not only affect the
curvature of the ray path but will also provide some insight into the fading of radio waves
through the troposphere (Adediji and Ajewole, 2008). The characteristics of the atmosphere
influence the propagation of all radio waves. They can be reflected, refracted, scattered and
absorbed by different atmospheric constituents (Safdar et al., 2012). Refraction of radio waves
can be categorized as either sub-refractive, standard, super-refractive or trapping, depending
on the vertical gradient of the modified refractivity (N units Km-) of the atmosphere (Kulessa
etal., 2016). Emmanuel et al. (2017) and Falodun and Okeke (2012) also reported the occurrence
of abnormal propagation such as super refractive, sub refractive and ducting across Nigeria.
The accurate knowledge of radio refractive index of the lower atmosphere is important in the
planning and designing of terrestrial radio links for communication networks, radar and
propagation applications (Caglar ef al., 2006; Naveem ef al., 2011).

Several studies on tropospheric radio refractivity have been carried out across the globe.
Okeke et al. (2019) carried out a study on the radio refractivity over Awka, South Eastern
Nigeria. The result of their findings showed that the radio refractivity during the wet season
is greater than those obtained during the dry season; the refractivity gradient shows that the
frequency of the propagation conditions varies. They discovered also that the sub-refraction
condition which is common from January to May and August to December while super-
refraction was noticed predominantly between June and July respectively. Akpootu et al.
(2019) developed empirical models for estimating tropospheric radio refractivity in Osogbo,
Nigeria. In another study, Akpootu et al. (2021a) estimated and investigate the variability of
tropospheric radio refractivity and radio field strength over Accra Ghana, the result of their
study revealed that tropospheric radio refractivity is higher during the rainy season than in
the dry season in the months of April and January with 384.356 N-units and 371.6318 N-units
respectively. During the study period, Accra's average refractivity gradient and average
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effective earth radius (k-factor) were estimated to be -44.1405 N-units/km and 1.39,
respectively suggesting super-refractive propagation.

This study was carried out to (i) calculate the variation of tropospheric radio refractivity in
relation to meteorological parameters for Zaria (ii) investigate the variation of dry and wet
term radio refractivity (iii) investigate the changes in radio refractivity with radio refractive
index (iv) calculate the percentages that dry and wet term radio refractivity contribute and (v)
estimate the refractivity gradient.

METHODOLOGY

The temperature, relative humidity, and atmospheric pressure measurements made each
month covering a period of forty-one (41) years (from 1981 to 2021) that was used for this
present study was acquired from the National Aeronautics and Space Administration
(NASA). The study is focused on Zaria, Kaduna State (latitude 11.10° N, longitude 7.68° E)
found in the midland region of Nigeria.

Three (3) variables affect the atmosphere's refractive index (n): temperature, humidity (water
vapour content), and atmospheric pressure. The refractive index (n) ranged from 1.000250 to
1.0004000, suggesting that it is extremely close to unity at or near the earth's surface and that
there is very little fluctuation in this value over time and space. To make them more noticeable,
the refractive index () of air was measured by a quantity called the radio refractivity (N)
which is related to the refractive index (n) (ITU-R, 2003; Freeman, 2007).

n=1+Nx10"° (1)

N-units are used to express the dimensionless quantity known as radio refractivity (N).
Consequently, it is simple to infer from equation (1) that N normally falls between 250 and
400 N-units. In terms of measured meteorological parameters, the International

Telecommunication Union (ITU) has recommended the radio refractivity (N) to be expressed
as; (ITU-R, 2003).

77.6 e
N =22(P +48102) = Nyry + Nyer )

where the radio refractivity of the dry term is given by
P
Nary = 77.6 )

and the radio refractivity of the wet term is
Nyer = 3.73 X 105 (4)

where e is the water vapour pressure and P is the atmospheric pressure, both are measured
in (hPa) and T is the temperature (K).

The non-polar nitrogen and oxygen molecules are the cause of the dry term. While the wet
term is proportional to vapour pressure and dominated by polar water contents in the
troposphere, it is related to air density since it is proportional to pressure (P).

ITU-R (2003) and Freeman (2007) mentioned that the equation as expressed in (2) can be used
for all radio frequencies; for frequencies up to 100 GHz (Babin et al., 1997). The error is less
than 0.5% and at sea level, the average value of N = 315 was used (ITU-R, 2003).

The relationship between the water vapour pressure (e) and relative humidity is given by the
expression (ITU-R, 2003; Akpootu et al., 2019a; Akpootu et al., 2021b,c; Iliyasu et al., 2023;
Akpootu et al., 2023).

e="1% (5)

100
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where
es = aexp (ﬂ) (6)

t+c
The saturation vapour pressure (hPa) at temperature t (°C) is represented by the symbol e in
equations (5) and (6), where H is the relative humidity (%) and t is the temperature in Celsius.
The values of the coefficients a, b and ¢ (water and ice) was presented in (ITU-R, 2003) for this
study, that for water was adopted and given by a = 6.1121, b = 17.502 and ¢ = 240.97 and
are valid between -200 to +500 with an accuracy of +0.20%. The radio refractivity (N) also
decrease exponentially in the troposphere with height (ITU-R, 2003).

N = Ngexp (%h) (7)

where H is the applicable scale height and N is the refractivity at the height h (km) above the
level where the refractivity is Ns. ITU-R (2003) proposes that at mean mid-latitude; Ny and H
are 315 km and 7.35 km respectively. Hence, N as a function of height N (h) is expressed by
the equation;

N = 315exp~0136h (8)

However, according to the work of carried out by Agunlejika and Raji (2010), they revealed
that the model using the scale height of 7.35 km and 7 km as recommended for global
environment ITU-R (2003) and tropical environment John (2005) respectively gave reasonably
accurate results for the refractivity at the altitude of 50 m and 200 m for seven (7) out of the
twelve (12) months of the year. While a 7.35 km scale height will perform better at 200 m, a 7
km scale height will get a better result at 50 m altitude.

The refractivity gradient was computed by taken the derivative of equation (7) with respect
to the height, h.

e (2) 0

The refractivity gradient for a standard atmosphere is -39 N-units/km. According to John
(2005) when h < 1km, refractivity gradient is well approximated by its value in a standard
atmosphere. In this study, the typical values for a standard atmosphere were used and the
refractivity of a standard atmosphere was obtained as Ns= 312 N-Units

The vertical gradient of refractivity in the troposphere is an important parameter in estimating
path clearance and propagation effects such as sub-refraction, super-refraction or ducting
according to Adediji and Ajewole (2008) criteria

(1) Sub-refraction: Z—IZ > —40

Refractivity, N, increases with height and in this case (sub-refraction), the radio waves move
away from the earth surface and the line-of-sight range and the range of propagation decrease
consequently.

. dN
(2) Super-refraction: — < —40

Electromagnetic waves are often bent downward towards the earth when the super refraction
condition is present. The strength of the super-refractive state determines how much it bends.
The rays leaving the transmitting aerial at relatively small angles of elevation will undergo
total internal reflection in the troposphere and then return to the earth at a certain distance
from the transmitter because the radius of curvature of the ray path is lower than the radius
of the earth. The waves can skip a lot of distance when they reach the earth's surface and are
reflected back from it, which causes successive reflections to produce unnaturally enormous
ranges beyond the line of sight.
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(3) Ducting: z—: < —157

The waves bend downward throughout the ducting process with a curvature larger than the
earth's. When radio energy is bent downward, it can get caught between an elevated duct and
a boundary or layer in the troposphere, or between the troposphere and the earth's or sea's
surface. Very high signal strengths can be obtained at very long ranges (far beyond line-of-
sight) and the signal intensity may exceed its free-space value in this wave guide-like
propagation.

RESULTS AND DISCUSSION

The Variation of Radio Refractivity with Other Meteorological Parameters for Zaria
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Figure 1. Monthly mean radio refractivity variation over Zaria

The seasonal change of radio refractivity for Zaria is seen in Figure 1 during the period of
forty-one (41) years. The figure showed a slight decrease from January to February, when it
reached its lowest value of 284.1975 N-units and continuously increases in March and reaches
its highest point in August at 350.8733 N units which suddenly decreases gradually to
295.9633 N - units in December. During the rainy and dry seasons, respectively, the highest
average value of radio refractivity recorded was 350.8733 N-units in August and the lowest
value of 284.1975 N-units in February. The high values of radio refractivity and its variation
is in agreement with the result reported by Tanko et al. (2019) where they obtained the
maximum and minimum values of radio refractivity for Kaduna to be 367.41 N - units and
289.96 N - units during the rainy and dry season. The pattern of fluctuation can be linked to
Zaria's rainfall patterns over the study period. The findings demonstrated that refractivity had
low values during the dry season (average value of 293.7686 N-units) and high values
(average value of 343.6764 N-units) during the rainy season. The high air humidity
(approximately 86%) that results in the high water vapour pressure that is seen in most parts
of the nation during the rainy season (April to October) is the cause of the high values. Low
water vapour pressure and high temperatures during the dry season (November to March)
may be the cause of the observed low radio refractivity values.
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Figure 2. Monthly mean variation of radio refractivity with atmospheric pressure over Zaria

The monthly change of radio refractivity with atmospheric pressure is seen in Figure 2. The
atmospheric pressure gradually drops from January to April, when it achieves its lowest value
of 936.5683 hPa. Then, in July, it abruptly rises with a significant increase in values, reaching
its highest value of 939.6854 hPa. Refractive index was found to rise from March to August in
tandem with an increase in atmospheric pressure from May to July. It was found that the
refractivity increases gradually from July to August and drops to December while the
atmospheric pressure drops from July to October and rises from November to December. The
average atmospheric pressure during the rainy season was 938.7153 hPa, while the average
refractivity during the dry season was 938.7024 hPa. Similarly, the average refractivity values
during the rainy and dry seasons were 343.6764 N-units and 293.7686 N-units, respectively. It
is important to note that these terms do not vary exactly in the same months. Taking into
account their values during the rainy and dry seasons reveals that the dry term of radio
refractivity is related to air density because it is proportional to atmospheric pressure. The
highest recorded average radio refractivity value for Zaria is 939.6854 hPa in July, while the
lowest recorded value is 936.5683 hPa in April.
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Figure 3. Monthly variation of radio refractivity with relative humidity over Zaria

The monthly change of relative humidity and radio refractivity is displayed in Figure 3. The
radio refractivity and relative humidity decreases from January to their minimum values in
February with 284.1975 N - units and 32.0271% respectively, and increases simultaneously
from February to their maximum values of 350.8733 N - units and 85.7534% respectively in
August and drops down to December. The radio refractivity and relative humidity were
found to show a slight decrease in February; on the other hand, a slight decrease in radio
refractivity was noted from June to August. Relative humidity was shown to rise with radio
refractivity from February to August and then decrease until December. The values of radio
refractivity and relative humidity fell sharply in February. This could be because of high solar
irradiation throughout the month, which decreased the amount of humidity in the
atmosphere and consequently decreased radio refractivity. The average value during the
rainy and dry seasons, according to the study, was 75.3095% and 41.4435%, respectively. This
indicates that the rainy season has higher values and the dry season has lower values. In
August, during the wet season, the maximum relative humidity value recorded was 85.7534 %,
while in February, during the dry season, the lowest value recorded was 32.0271%. This
study's findings demonstrated that radio refractivity is reflected in relative humidity.
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Figure 4. Monthly fluctuation of radio refractivity with absolute temperature over Zaria

The monthly change of radio refractivity for Zaria with temperature (in Kelvin) is displayed
in Figure 4. The radio refractivity increases from February to the month of August, when it
reaches its maximum of 350.8733 N units. The temperature decreases from August to the
month of October, when it suddenly increases, and then drops to its lowest value of 292.6385
Kin December. The temperature increases from January to the month of April, when it reaches
its maximum average value of 300.6766 K, while the values of radio refractivity decrease
gradually to December. While the radio refractivity evaluations show a slight downward dip
in February, rising to reach its peak value in August, and a drop in December, the temperature
values show practically a straight-line pattern that rises from January to April and from
October to December. In August, there was a maximum peak with an upward dip in the radio
refractivity and a downward dip in the temperature. The average temperature during the
rainy and dry seasons was 297.9479 K and 295.0626 K, respectively. The high temperatures
during the rainy season are caused by dust and aerosol particles suspended in the atmosphere,
which lowers the temperature and the amount of solar radiation that reaches Earth. This
observation is in line with the study reported by Akpootu and Iliyasu (2017b). The radio
refractivity has values of 343.6764 N-units during the wet season and 293.7686 N-units during
the dry season, respectively. The month of April has the highest average temperature of
300.6766 K, while the month of December has the lowest average temperature of 292.6385 K.
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Variation of Dry term and Wet term Radio Refractivity for Zaria

250 T T T T T T T T
© E —0= Ndry —o— Nwet O r 110 <
2 1 3 e E 3
N ] - 100 o
5 248 C =
= ] ° : 3
(%) 1 d 90 X
= ] . o
c 1 r o
2 ] F a0 2
< ] ° L o
246 - = o - o)
? ] D/ \[]\ i §
3 ] / o -70 2
S ] C <
5 ] . \ o =2
X 944 ] - 60 2
o J L T
= 4 c
S 1 [ =3
o ] 50 @
o O Y r ~
= ] 3 g
L 5] P \ / L 40 ;
> 1 ® ) r )
&) ] C o
— 30
Feb Apr Jun Aug Oct Dec

Months of the year

Figure 5. Monthly variation of dry and wet term radio refractivity for Zaria

The variation of wet term radio refractivity (Nwet) and dry term radio refractivity (Nary) is
displayed in Figure 5. Taking into account the findings of our investigation. It is evident that
a significant portion of Zaria's total radio refractivity value comes from the dry term of radio
refractivity. The dry term's pattern of change is nearly identical to that of atmospheric
pressure, suggesting that the dry term of radio refractivity is correlated with air density and
proportional to atmospheric pressure. On the other hand, Figure 1's wet term and radio
refractivity show comparable fluctuation. The months of December and June have the highest
average values of dry term and wet term radio refractivity, at 249.1454 N-units and 105.4269
N-units, respectively, while the months of April and February have the lowest average values,
at 241.7139 N-units and 38.0661 N-units, respectively. The result in this study is in line with
the work reported by Tanko et al. (2019) where they found the maximum average values of
dry term and wet term radio refractivity to be 265.78 N - units and 102.91 N - units while the
minimum average values are 259.07 N - units and 24.18 N - units respectively. The result
revealed that while the dry term of radio refractivity has a significant role in the overall value,
the wet term primarily influences the variance of the radio refractivity.
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Variation of Radio Refractivity with Radio Refractive Index for Zaria
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Figure 6. Monthly variation of radio refractivity with refractive index for Zaria
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The seasonal change of Zaria's radio refractivity with refractive index is depicted in Figure 6.
It was found that there was seasonal change in the radio refractive index and, by extension,
the radio refractivity values, with high values during the rainy season and low values during
the dry one. Radio refractive index averages are 1.000343 during the wet season and 1.000294
during the dry season. Radio refractivity averages 343.6764 N-units during the wet season and
293.7686 N-units during the dry season. Radio refractive index and radio refractivity were
obtained at their highest points during the wet season in August (1.000351 and 350.8733 N-
units, respectively), and at their lowest values in February (1.000284 and 284.1975 N-units,

respectively) during the dry season.

Percentage contributions of Dry term and Wet term Radio Refractivity for Zaria

Table 1. Variations in the % contributed per month of Nary and Nuwet

Month Nary-Nwet %CNary  %CNyet
Jan 209.86 6.42 1.01
Feb 208.07 6.35 0.98
Mar 193.42 6.27 1.28
Apr 161.96 6.24 2.06

May 140.57 6.27 2.64
Jun 139.03 6.31 2.72
Jul 141.22 6.34 2.69
Aug 141.09 6.35 2.71
Sep 140.31 6.34 2.72
Oct 153.00 6.33 2.38
Nov 186.40 6.38 1.57
Dec 202.33 6.43 1.21

Total 76.03 23.97
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The percentage contribution of the dry term and wet term radio refractivity to the overall
radio refractivity is displayed monthly variation in Table 1. For Zaria, Kaduna state, which is
located in Nigeria's midland climatic zone, it was found that the dry term radio refractivity
contributed significantly to the total radio refractivity throughout the study period,
accounting for 76.03%, while the wet term radio refractivity contributed just 23.97%.
Additionally, it was noted that the dry term's maximum monthly contribution occurs in
December (6.43%), with the lowest contribution occurring in April (6.24%). Similarly, the wet
term's maximum monthly contribution occurs in June and September (2.72%), with the lowest
contribution occurring in February (0.98%).

Refractivity Gradient for Zaria

By applying the expression in equation (9) to Zaria, the refractivity gradient was found to be
- 43.8708 N - units/km. The outcome suggests that most of the propagation in this area of
Zaria is super-refractive, meaning that electromagnetic waves are bent downward towards
Earth. The strength of the super-refractive condition determines the degree of bending. The
wave path's curve will get closer to the Earth's radius of curvature as the refractivity gradient
decreases. When a radio wave's trajectory bends farther towards the ground than it would in
the case of typical positive refraction, this is known as super-refraction. The refractivity
gradient obtained in this study is in line with the result found by Akpootu and Iliyasu (2017a);
Akpootu et al. (2019b) where they obtained super-refractive of - 44.32 N - units/km for Ikeja,
Nigeria and - 42.69 N - units/km for Osogbo, Nigeria.

CONCLUSION

Using meteorological parameters of atmospheric pressure, relative humidity, and
temperature data from NASA, the International Telecommunication Union (ITU)
recommended method was used to assess tropospheric radio refractivity for Zaria over a 41-
year period (1981 to 2021). The findings showed that radio refractivity in Zaria is higher
during the rainy season than it is during the dry season, with average values of 343.6764 N-
units and 293.7686 N-units found during the rainy and dry seasons, respectively. During the
rainy and dry seasons, respectively, the maximum and lowest values of radio refractivity were
determined to be 350.8733 N-units and 284.1975 N-units in the months of August and
February. The wet term (Nwet) contributes 23.97% to the overall value of radio refractivity,
whereas the dry term (Nay) contributes 76.03%. This suggests that the wet term (Nwet)
contributes to the significant variation and the dry term (Nary) to the total value of radio
refractivity. The average refractivity gradient of - 43.8709 N - units/km was obtained for this
study area indicating that Zaria is mostly super-refractive propagation. The study's findings
are very important for the best planning and construction of microwave communication lines
and systems in the research area and other areas with comparable climate data.
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