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Abstract

The tropospheric radio refractivity plays an important role in the propagation of radio waves and significantly affecting the performance
of radio communication systems. This study aims to investigate the influence of weather parameters on tropospheric radio refractivity
variation and the implication for communication system in Kampala, Uganda. Through a comprehensive dataset of temperature, humidity
and pressure obtained from the National Aeronautics and Space Administration (NASA) archives for Kampala over a period of one year
(January 2023 to December 2023). Using the International Telecommunication Model (ITU-R model), radio refractivity was computed
from the collected weather parameters, and subsequently correlate with weather parameters. The analyses of the results showed that, radio
refractivity displayed seasonal variability with high values in the wet season with a peaks points observed in April and October (339N and
338N) and a low value during dry season, July and January (328N and 324). It was also observed that the Relative humidity and Temper-
ature are the main force driven the variations of radio refractivity. Hence, the work could be used for rapid and precise estimation of link
budgets while planning and designing radio links budget in Kampala and regions of similar climatic characteristics.
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1. Introduction

The influence of tropospheric radio refractivity variation on communication through troposphere have been well known for some time [1],
[2], [3]. Radio refractivity of the Troposphere is a critical factor in the propagation of radio waves, which significantly affecting the relia-
bility and quality of communication systems [4]. Radio refractivity is the measure of the deviation of refractive index, n, of the air from
unity. Upon deviation from standard condition, anomalous propagations are usually experienced within the atmosphere. Changes in cli-
matic condition, such as temperature inversion and high humidity, are thought to be responsible for these anomalies [5]. The refractive
index varies with altitude, humidity, temperature, and pressure, which lead to the decreased in radio signal strength and quality [6]. The
significance of understanding and estimating these variations cannot be overemphasized, particularly for the design and operation of ter-
restrial communication systems. Therefore, quantitative knowledge of radio refractivity is essential in order to be able to design reliable
and efficient radio communication (terrestrial and satellite) system [7].

Radio wave propagation in the troposphere is essentially defined as propagation within a non-ionized medium. This is a region where
meteorological phenomena like wind and rain occur, which are influenced by air pressure, temperature, and relative humidity [8]. The
proportional significance of radio wave propagation in space communications is determined by the frequency of operation, local climatol-
ogy, topography, transmission type, and satellite elevation angle. To keep a communication link reliable, the transmission medium often
affects signal quality. When this medium includes the troposphere, it’s crucial to ensure the signal can handle troposphere-induced issues.
These issues are caused by changes in temperature, humidity, air pressure, rain, and atmospheric gases [7].

Kampala, Uganda's capital, experiences a tropical rainforest climate with significant year-round variation. Two main rainy seasons were
experiences in the city; from March to May and from September to November, which bring high humidity levels and significant temperature
fluctuations [9]. These climatic conditions made Kampala an ideal location for studying the impact of weather parameters on tropospheric
radio refractivity. Kampala's fast urbanization and expansion of communication infrastructure necessitate a full understanding of how local
weather conditions influence radio wave propagation. Effective communication networks are critical to the city's growth, supporting emer-
gency services, business operations, and personal communications. This study intends to provide insights that will help in the planning,
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deployment, and maintenance of communication networks in the Kampala city and other region with similar weather condition. Further-
more, the research will not only benefit local telecommunication operators and broadcasters but also provide valuable data for policymakers
and engineers working to enhance Uganda's overall communication infrastructure.

Several studies across different locations around the globe have explored the relationship between atmospheric parameters and radio wave
propagation, providing a comprehensive understanding of how atmospheric parameters influenced the variation radio refractivity and con-
sequently affected the propagation of radio wave. Studies by [4], [5], [7], [10], [11], [12], [13], [14], [15], [16] shows that refractivity
values are higher during the rainy season compared to the dry season. These values also vary across different climate zones and depend on
local weather conditions. The researchers found that relative humidity has the greatest impact on radio refractivity, followed by temperature
and pressure.

Furthermore, studies in areas with similar weather patterns to Kampala, such as tropical region, provide an important insight into the impact
of meteorological conditions on tropospheric radio refractivity. [11], [17], [18], [19], [20] carried out comprehensive research on the impact
of atmospheric variables on tropospheric radio refractivity in tropical region. Their findings revealed that high humidity and temperature
variations significantly influenced the radio refractivity and consequently affecting radio signal propagation. Despite these development,
there remains a gap in lack of localized climatic data for Kampala. Existing refractivity models often rely on climatic data obtained from
temperate region of the world, which may not accurately reflect the specific weather conditions in Kampala. The unique combination of
high humidity, frequent rainfall, and varying topography in Kampala necessitates comprehensive research to accurately estimate and predict
radio wave behavior under its specific climatic conditions.

As a result, this research estimate and investigate the tropospheric radio refractivity variation with weather parameters using measured
average daily temperature, relative humidity, and atmospheric pressure for a period one-year of (January 2023 to December 2023) obtained

from the National Aeronautics and Space Administration (NASA) archives for Kampala (0.3 152°N, 32.5816 °E), Uganda. The experiments
presented involve an indirect measurement, in which the value of refractivity is calculated from the atmospheric pressure, temperature, and
water vapor pressure using an empirical formula provided by the International Telecommunication Union [21].

2. Theoretical background

The troposphere is the layer of the atmosphere that extends from the Earth's surface up to about 10-14 km. This region is dense with gases,
mainly molecular nitrogen (N2) and molecular oxygen (02). All weather-related phenomena occur in the troposphere, which contains over
75% of the Earth's atmospheric mass and 99% of its water vapor [22]. This layer influences electromagnetic wave propagation due to
elements like rain, clouds, vapor, and gases. Additionally, the temperature in the troposphere gradually decreases with height.

2.1. Temperature

This is the variation in the atmospheric conditions that can be subjectively described in terms of relative concepts of coldness or hotness.
The objective quantity corresponding to this concept is the temperature which is measured either in degrees Celsius (°C) or in Kelvin (K).
The temperature in Celsius is converted to the temperature in Kelvin by the expression:

T =27315+t(K), @
where T is temperature in degree Kelvin and t is temperature in degree Celsius [23].

2.2. Pressure

Atmospheric pressure is the force exerted by the atmosphere on a surface due to its weight. It is the weight of a column of air above a unit

area, extending to the outer edge of the atmosphere [24]. Under normal atmospheric conditions, the atmospheric pressure decreases with
increasing altitude. The variation of pressure with height in the atmosphere can be expressed by the hydrostatic equation,

P (g, @

Where p(z) is the mass density of air at height p, z and g is the pressure and acceleration due to gravity respectively.
From ideal gas law,

_ M. P(2) (kg/md), ®3)
PO =21 @)

Where Mair is the average molecular weight of air (28.97 mol), T is the absolute temperature in Kelvin and R is the ideal gas constant.
Substituting equation 3 in equation 2 and solving for ,, then,

p(2)=poe ¥ (kg/m?), 0)

Where H is called scale height and equal to 8 km in the lower atmosphere when T =273K
H is defined as:
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Ho RT_ (km). (5)
Mairpog

2.3. Relative humidity

Humidity is the amount of water vapor in the atmosphere, measured as vapor density or vapor pressure. Relative humidity (H) is expressed
as a percentage. When it reaches 100%, the air is saturated, and water vapor condenses into liquid droplets, forming rain, fog, and clouds
[25].

2.4. Saturation vapour pressure

The saturation vapour pressure, €, is the vapour pressure the air would have if it were saturated.

e, =aex p{ﬂ} (6)
t+c

Where, t, is temperature in Celsius, a=6.1121, b=17502 and ¢ =24Q097[21].
The water vapour partial pressure, e, can be determined from the relative humidity, H , expressed in percentages, and from the saturated
water vapour pressure, ¢, expressed in hPa using the expression [21]:

_He, ™)
100

3. Refractive index and refractivity of the troposphere

The radio refractive index is the ratio of the speed of radio waves in a vacuum to their speed in a specific medium. In the troposphere, the
refractive index is about 1.0003, very close to that of free space (n = 1.0). To simplify, we use refractivity (N), which measures the deviation
of the refractive index from 1, scaled up to parts per million for easier figures. Thus, N is a dimensionless quantity measured in N-units
[26].

The Refractivity, N, is related to refractive index of air [21] as follows;

N =(n—-1)x107°, (2.8)

Where N is radio refractivity expressed by:

N=N, +N 77'6(P+4810T9j, (2.9)

dry wet — ?
With the ‘dry term’ of radio refractivity given by:

N, = 77.6TE, (2.10)

And the ‘wet term’ given by:

N, =3.732x10° Tiz (2.11)

Where P is atmospheric pressure (npa), € is Water vapor pressure (hpa), and T is absolute temperature (K).

This expression can be used for all radio frequencies up to 100 GHz, with an error of less than 0.5%, for typical profiles of temperature,
pressure, and water vapor pressure. The water vapor pressure, e, can be calculated from relative humidity using equation (7).

4. Methodology

The location of the study is showed in Figure 1. Kampala city the capital of Uganda, situated in the central part of the country, on the
northern shores of Lake Victoria. It lies between latitudes 0.3° and 0.4° N and longitudes 32.5° and 32.6° E, it covers an area of approxi-
mately 189 square kilometers, with an elevation ranges between 1,150 meters and 1,300 meters above sea level, which contributes to its
unique climatic conditions. In this research, monthly average daily data for atmospheric pressure, relative humidity, and temperature from
the National Aeronautics and Space Administration (NASA) were used to estimate tropospheric radio refractivity and study its variation
with other meteorological parameters for the period from January 2023 to December 2023. The average hourly data for each month was
further averaged to obtain a single data point per month. This data was then used to determine the seasonal variation of radio refractivity
using an empirical formula provided by the International Telecommunication Union [21]. The collected weather parameters and radio
refractivity computed values undergo rigorous statistical analysis to identify the patterns, trends, and quantify the correlations between
weather parameters and tropospheric radio refractivity. Microsoft Excel (2016) is used for the data analysis.
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Fig. 1: Map of the Area of Investigation.
5. Results and discussions

5.1. Average seasonal variations of surface radio refractivity

Figure 2 depict the average seasonal variations of surface radio refractivity variations for Kampala for the period of one year (January 2023
to December 2024). As observed from the plot, there is a gradual increase in the value of radio refractivity from January (323N) to a peak
in April (339N). Following the peak in the month of April, decreases steadily through May, attained a low point in July around (327N),
before starting to rise again in August to September. Furthermore, radio refractivity increases again from September to attaining another
peak in October (338N-339N), and then slightly decreases towards December.

The peaks points observed in April and October, these months coincided with wet season in Kampala city. During wet season, the atmos-
phere is mostly dominated by moist content of water vapor which increases the humidity in the atmosphere and consequently the surface
radio refractivity. These results agree with the work of [13], [27], [28], [29]. Furthermore, the lower values observed in July and January
correspond to dry season months in Kampala city, during the period higher temperature is observed which leads to an extreme reduction
of water vapor content of the atmosphere and consequently the observed low values of radio refractivity in the city.
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Fig. 2: Average Seasonal Variation of Radio Refractivity for Kampala.
5.2. Variations of radio refractivity with relative humidity

Figure 3 depicts the monthly mean variations of radio refractivity with Relative Humidity. As observed from the graph, radio refractivity
shows strong dependence on the wet term (Humidity). This is evidence as the peaks in radio refractivity align with higher relative humidity,
indicating a direct influence of humidity on refractivity. This is noticeable particularly during the months of April and October. The re-
gression analysis between radio refractivity with relative humidity gave a strong positive correlation value of 0.88. This confirms the
prediction that relative radio refractivity is directly proportional to relative humidity [30], [31].
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Fig.3: Monthly Mean Variation of Radio Refractivity with Relative Humidity.
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5.3. Variations of radio refractivity with temperature

Figure 4 depicts the monthly mean variations of radio refractivity with Temperature. As observed from the graph, the variation pattern of
the two parameter showed an opposite trend. As the temperature increases the radio refractivity decreases. The regression analysis between
radio refractivity with temperature gave a strong negative correlation value of -0.63. This showed that while temperature is a key factor,
other parameters like relative humidity and pressure also play crucial roles in the variation of radio refractivity [13], [27].
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Fig. 1: Monthly Mean Variation of Radio Refractivity with Relative Temperature.
5.4. Variations of radio refractivity with pressure

Figure 4 depicts the monthly mean variations of radio refractivity with Pressure. As observed from the graph, the variation pattern of the
two parameter showed some level of disparity with weak correlation value of -0.18 suggesting that other factors, such as temperature and
humidity, play more significant role. This confirmed the results by [7] that other factors, such as temperature and humidity, play more
significant role in the variation of radio refractivity.
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Fig. 2: Monthly Mean Variation of Radio Refractivity with Pressure.

5.5. Implication of the result

Hence, the implications of the results for communication systems is that, high radio refractivity values in the months (April and October),
radio waves might experience more bending, leading to an extended communication ranges as well as more interference and signal degra-
dation. However, low radio refractivity values observed in (July and January), communication ranges might be shorter, but more steady,
with less signal bending [7]. To mitigate signal degradation, the communication systems should be designed with adaptive modulation and
coding schemes, also additional repeaters or relay stations should be deployed so as to ensure signal integrity during these high refractivity
variation periods.

6. Conclusion

This study determined the variations in radio refractivity with Weather parameters and their implications for communication systems over
Kampala city, Uganda. One year (January 2024 to December, 2024) weather parameters data obtained from National Aeronautics and
Space Administration (NASA) archives for Kampala were used for the study. The major findings of this study are as follows:
e Radio refractivity displayed seasonal variability with high values in the wet season and low values during dry season.
Radio refractivity shows strong dependence on the wet term (Humidity) with a strong positive correlation value.
Radio refractivity decreases with the increase in temperature with a strong negative correlation value.
Atmospheric pressure has less effect in the variation of radio refractivity.
Relative humidity and Temperature are the main force driven the variations of radio refractivity.
Radio refractivity is a function of local climatology.

7. Recommendation

The following recommendations are made for future work
1) In-situ measurement of weather parameters should be carried out using weather station in Kampala city, as it provides a high preci-
sion and detailed temporal resolution crucial for local and real-time applications.
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2)

3)

Long time measurement and prediction of radio refractivity in Kampala city should be carried out so as to validate the present
research.

More measurement and prediction of radio refractivity should be carryout in other part of Uganda with different geographic climatic
condition.
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