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Abstract - Knowledge of the refractivity index in the lower
atmosphere is very important in the design, transmission and
performance analysis of line-of-sight (LOS) terrestrial links. In
oceanic environments, radio wave propagation is affected by
the high variability with space and time of the meteorological
parameters. Radiosonde data have been used in the analysis of
the effect of climatic conditions in the coastal regions of South
Africa and there influence in estimating the occurrence of
multipath fading in LOS links. The values of temperature,
pressure and relative humidity in the lower atmosphere have
been used to compute refractivity and refractivity gradients.
The percentage of occurrences of super refractivity and
ducting conditions which influence the occurrence of multipath
fading are determined from the estimated refractivity
gradients.
Index Terms - Tropospheric propagation, refractivity gradient,
multipath fading, radiosonde, coastal regions.

I.

INTRODUCTION

The troposphere is the lowest part of the earth’s
atmosphere that extends from about 9 km to 17 km at the
poles and the equator respectively. Within this region of the
atmosphere, the temperature generally decreases with
increase in height at a rate of approximately 7oC per
kilometre. Tropospheric weather variations affect the
propagation of radio waves. Temperature, pressure and
humidity vary in space and time in the lower atmosphere
and this causes the refractive index of the air also to vary
from one point to another [1]. Understanding of radio
propagation characteristics in the troposphere is then crucial
in the design and transmission performance of line-of-sight
(LOS) terrestrial links. The variation of refractive index in
the horizontal distribution is normally assumed to be
homogenous and only the vertical distribution is considered
to be of significance in the almost horizontally propagating
radio waves [1, 2].
The availability and performance of microwave LOS
systems are greatly being influenced by diffraction
(obstruction) and multipath fading under clear-air
propagation phenomena due to variation of the said
refractive index in the troposphere. Obstruction fading
occurs as a result of large positive gradient of refractive
index, which in turn is caused by large positive water vapour
pressure gradients. These large positive gradients tend to
lower the ray path between the transmitting and receiving
antennas such that the terrain tends to partially or fully block
the ray beam hence obstruction fading. The obstruction
fading can be mitigated by erecting microwave radio towers
sufficiently high to minimize the occurrence of terrain
obstacles within the link paths [2-4]. Obstruction fading is
not of the interest of this paper, hence, will not be discussed
further.

Multipath fading, which is a major factor in microwave
systems design, is associated with strong negative gradients
more so for fixed links operating below 10 GHz. A part
from clear-air, precipitation (rain, fog, etc.) also attenuates
radio signals. It is worth noting that above 10 GHz,
precipitation attenuation dominates the microwave and
millimetre bands, however, our study is primarily on clearair phenomena. Multipath fading has the effect of increasing
thermal noise due to the fade of the received signal. It is also
the cause of intermodulation noise in analogue systems and
intersymbol interference in digital signals [5].
II.

TROPOSPHERIC PROPAGATION

A. Recent Studies
Tropospheric propagation studies in South Africa have
been on for some time. In [6] Nel et al. were able to map kfactor and refractivity for the country and were also able to
establish database for refractivity measurements, and
anomalous propagation in the coastal region of Western
Cape. Odedina and Afullo [7-8] have also developed models
for k-factor distribution and determination of diffraction
fading in Southern Africa. They further reported on the
seasonal variation of geoclimatic factor used in predicting
multipath fading in terrestrial links [9 -10]. In [11-12], they
have used link measurements obtained from a terrestrial
LOS link set up between Howard College and Westille
Campuses of University of KwaZulu-Natal to analyse and
model fade depth exceedance probability for KwaZuluNatal. Afullo [13] gave an analytical progress in
radioclimatic modelling for Southern Africa. Baker and
Palmer [14-15] used ground-based observations to model
the fraction of time availability of effective earth radius
factor for communication planning in South Africa. Baker
and Palmer [16] extended their work to develop an
empirical model which was then applied to digital maps to
spread the values of k-factor for South Africa. This paper
presents the analysis of the effects of tropospheric
mechanisms along the South African coastal regions in
estimating the occurrence of multipath fading in the lower
atmosphere.
B. Motivation
Microwave propagation along the coastal and maritime
regions is however more complicated due to highly variable
climatic conditions and sea surface state. The sea wind and
coastal orography creates severe gradients in water vapour
and temperature which leads to changes in the vertical
gradient of refractive index in the troposphere. A more
specific clear-air propagation mechanism that is prevalent
along the coastal regions and large water bodies is

evaporation ducts. The ever changing climatic conditions
along the maritime and coastal regions are responsible for
the formation of evaporation ducts which seriously affects
the performance of communication links. They increase the
signal strengths at the receivers; it is also a major cause of
multipath propagation and extends the radio horizon beyond
the LOS [1, 4].
C. Atmospheric Refractivity
The radio refractive index can be defined as the ratio of
velocity of propagation of a radio wave in free space to the
velocity in a specified medium. At standard atmosphere
conditions near the earth’s surface, the radio refractive
index, n, has a value of approximately 1.000312. It’s value
in the atmosphere is always greater than unity and varies by
a small fraction. Therefore, a more convenient atmospheric
refractivity N (N-units) is usually introduced as [17]:
(

)
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In terms of climatic parameters, the refractivity can be
estimated from [17]:
(

TABLE 1 ATMOSPHERIC REFRACTIVITY CONDITIONS
Atmospheric
Condition
Trapping
Super-refractive
Standard
Sub-refractive

Refractivity Gradient
(NU/km)
(-∞, -157)
(-157, -79)
(-79, 0)
(0, +∞)

Modified Refractivity
Gradient (MU/km)
(-∞, 0)
(0, 78)
(78, 157)
(157, +∞)

Super-refractive gradients (between -157 and -79 N/km),
the radio wave still refracts downwards but with a rate less
than the earth’s curvature but at a rate greater than that of
standard atmosphere [1, 4]. The degree of bending depends
upon the strength of super-refractive condition. Since the
radius of the ray is smaller than the earth’s curvature, the ray
leaving the antenna at small angles of elevation will undergo
total internal reflection in the troposphere and will return to
the earth at some distance from the transmitter. On reaching
the earth’s surface and being reflected from it, the waves can
skip large distances thereby giving abnormally large ranges
beyond the line of sight due to multiple reflections. Due to
these multiple reflections, the signal reaching the receiving
antenna can add constructively or destructively thereby
increasing and decreasing the signal strength respectively
depending on the time delay and phase of the signals [1920].

( )

)

where P is the total atmospheric pressure (hPa), T is the
absolute temperature ( Kelvin) and e is the partial water
vapour pressure (hPa) obtained from the relative humidity of
air as:

When the gradients becomes more negative than -157
N/km, the ray curvature exceeds that of the earth and leads
to the formation of ducting which results in propagation
ranges far beyond the normal horizon. A more convenient
modified refractivity is normally used for ducting profiles.
The modified refractivity M defined by [1, 20]:

( )

( )

(
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where H (%) is the humidity of air and t is the air
temperature in 0C. For radio link designers, refractivity
gradient is of greater interest and can be expressed as [18]:
(

)

where h is the height in meters. Negative gradient of M
indicates presence of ducting and is useful in identifying
trapping gradients [19-20]. Table 1 shows the various
atmospheric conditions as determined by both refractivity
gradient and modified refractivity gradient.

( )
D. Fade Depth Probability Distribution

where Ndry in (4) is the first term on the right hand side of
(2) and normally constitute about 70 % of refractivity N,
while Nwet is the second term and is the part of refractivity
that is responsible for its variability [18]. Along coastal
regions, the wet term is mainly being influenced by the
variability of water vapour pressure due to ever changing
humidity content in the environment [4].
The vertical gradient of refractivity in the lower layer of
the atmosphere is an important parameter in estimating path
clearance and propagation effects such as sub-refraction,
super-refraction and ducting conditions [19]. For standard
refractivity gradient, a radio beam will bend downward
toward the earth with a curvature less than the earth’s radius.
Standard atmosphere normally has a gradient between -79 to
0 N units per kilometre height. Normally average gradients
for standard atmosphere are around -40 N units per
kilometre. If the gradient is higher than 0 N units per
kilometre, then the radio beam refracts away from the
earth’s surface and the LOS range and the range of
propagation decreases accordingly i.e. it tends to shorten the
radio horizon [1, 4, 19-20].

Fade depth can be defined as the ratio (expressed in
decibel) of a reference signal power to the signal power
during a fade [9]. ITU-R [21] provides methods for
estimating narrow-band fading distribution at large fade
depths in the average worst month for both quick planning
and for detailed planning purposes. They both involve three
steps: estimating the geoclimatic factor K, then calculating
the path inclination and lastly calculating the percentage of
time that the fade depth is exceeded in the average worst
month. The geoclimatic factor for quick planning can be
determined from (6), where dN1 is the point refractivity
gradient in the lowest 65 m of the atmosphere not exceeded
for 1 % of an average year.
( )
Path inclination ( ) can be determined from the value
of antenna heights he and hr (m) above the sea level and the
path length d (km) from (7) [21]:
| |

|
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For quick planning purpose, the third step can then be
estimated from (8), where pw is the percentage of time that
fade depth A (dB) is exceeded in the average worst month, f
is the frequency (GHz), hL is the altitude of the lower
antenna (the smaller of he and hr), d and K are path length
and geoclimatic factor explained earlier.
(

⁄

| |)

III.

( )

METHODOLOGY

A. Data Collection
Radiosonde data used in this study was obtained from
South Africa Weather Service (SAWS) for various locations
in South Africa. The data covers the period from 2003 to
2006 and the measured parameters of interest are
temperature, pressure and relative humidity at different
heights above the sea level. The measured data come from
observations made from radio balloons launched twice per
day 11pm and 10am local time) and reports the parameter
values with a height resolution of one minute up to about 26
km above sea level. The data from the coastal locations
(Cape Town, Durban and Port Elizabeth) were then sorted
out for the year 2004. Data for each location for the study
year was then tabulated for each month for both day and
night observations.
B. Data Analysis
Atmospheric refractivity in the lower atmosphere
(1000m above sea level) is estimated from equations (2) and
(3) at various heights. Partial water vapour is determined
from (3) and other parameters in (2) were derived from our
data. Refractivity gradient is calculated from (9) [19]:
( )

TABLE 2: POINT REFRACTIVITY & GEOCLIMATIC FACTOR K
Durban

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Cape Town

Point
Refractivity

Geoclimatic
Factor K

Point
Refractivity

Geoclimatic
Factor K

-361.483
-1329.23
-707.224

0.000238
0.097484
0.002039

-523.43
-758.969
-334.556

0.000651
0.002813
0.000201

-420.78
-524.517
-476.893
-431.087
-930.908
-887.53
-470.549

0.000344
0.000655
0.000487
0.000366
0.008193
0.006257
0.000468

-517.807
-776.587
-661.015
-634.271
-732.939
-799.982
-393.141

0.000628
0.003139
0.00153
0.001296
0.002393
0.00363
0.000289

-744.837

0.002577

-571.811

0.000879

-346.927

0.000217

-1196.58

0.042732

IV.

RESULTS AND DISCUSSIONS

The mean monthly surface refractivity statistics for each
location is given in Figure 1. The figure show that surface
refractivity varies with seasons in the year with high values
experienced in summer months when the temperatures are
high and lowest in winter months when temperature is low.
Durban shows high values of surface refractivity followed
by Port Elizabeth and Cape Town record the lowest values.
Durban’s highest mean value (about 370 NU) is for the
month of February and the lowest is recorded in June,
during winter. Figure 2 shows the standard deviations for
each of the months in each location, from which we can
deduce that refractivity not only vary with season but also
exhibit variation within each of the months. Surface
refractivity is an important parameter in radio climatology
since it aids in determining refractivity gradient at other
heights and also in determining the refractivity at sea level
(refractivity exponential model) [22].
380

f =11 GHz, he = 124 m, hr = 76 m and d = 48.25 km

Port
Durban

370
Refractivity (N units)

where N1 and N2 are the refractivity at heights h1 and h2
respectively.
Surface refractivity values in the two
observations per day in each of the months in each location
are then tabulated for further analysis. Monthly mean and
standard deviations in each of the locations is then
calculated and again tabulated and represented in
histograms. From the estimated refractivity gradients,
cumulative distributions are determined for the months of
February, May, June, August and November for each of the
towns. Percentage of occurrence of super-refractivity is then
determined for each of the months and represented as a
percentage in histograms for the three coastal locations.
From (6) and (9), geoclimatic factor K for Durban and Cape
Town were determined. This is tabulated in Table 2. These
values are then used in (8) to determine the percentage of
time a certain fade depth is exceeded. The following link
parameters were used to determine the fade depths for
Durban and Cape Town:
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Fig.1: Mean surface refractivity of three coastal regions in South Africa,
2004
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Fig.2: Standard deviation for surface refractivity for the three coastal
regions in South Africa, 2004.

30
28
26
24
22
20
18
16
14
12
10

Durban

-80

-40

0

40

10

Feb
May
Jun
Aug
Nov

1

0.1
-280

-240

-200

-160

-120

-80

-40

0

40

Refractivity Gradient (NU/km)
Fig.5: Monthly cumulative distribution of the refractivity gradient for
Durban, 2004
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Cumulative distribution of refractivity gradients are
shown in figure 4, 5, and 6. Figure 4 shows the distribution
for Cape Town from which we can deduce that ducting
conditions (dN/dh less than -157 N/km) exist for around 5 %
of the time for the month of May being the highest and less
than 1 % of the time for the month of June. For Durban
(Figure 5), the highest time of percentage of occurrence is in
August of about 6 % and its lowest value is in June with 0 %
of the time. Figure 6 shows the distribution for Port
Elizabeth with 4 % of time duct occurrence experienced in
November and about less than 1 % of time of occurrence in
June.

-120

Fig. 4: Monthly cumulative distribution of the refractivity gradient for
Cape Town, 2004

Probability of Occurrence (%)

The percentage of occurrence of super refractivity is
shown in Figure 3. Durban exhibits the highest super
refractivity condition with the month of March being the
worst month with occurrence around 29 % of the time. The
lowest occurrence is again recorded in June with 11 % of the
time for Durban. The high value of occurrence of super
refractivity for Durban can be attributed to the ever
changing climatic conditions in Durban.
Cape Town
exhibits the highest occurrence in the months of January and
October (both summer months) with 21 % of the time and
lowest in June with 10.5 % of the time. The trend is
different for Port Elizabeth with the highest being in the
month of May, 21 % of the time and the lowest being in July
with 13.5 % of the time.
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Fig.3: Occurrence of super-refractivity conditions for three coastal regions
in South Africa, 2004
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Fig.6: Monthly cumulative distribution of the refractivity gradient for Port
Elizabeth, 2004

Duct occurrence along the coastal regions is due to
variation of water vapour pressure as a result of variation of
humidity in the air. Normally air in close vicinity to the
surface of large water bodies is more humid (about 100 %)
due to evaporation and denser and it decreases with increase
in altitude. However, sea breeze at times drives the dense air
from the surface and replaces it with a less humid air. This
with the continuous change in sea-air temperature causes the
refractivity gradient to vary rapidly hence resulting in the
anomalous propagation.
Figure 7 shows the percentage of time 30 dB fade depth
is exceeded for Durban and Cape Town for different months
in the year. It can be seen that the fade depth varies with
season with summer months exhibiting the highest
percentage of time, 38 % and 16 % for Durban and Cape
Town respectively. The lowest percentages are in the winter
seasons. Even within the seasons, monthly variation of fade
depth is evident. This compares well with the earlier results
on occurrence of super-refractivity which has a similar trend
i.e. high probability of occurrence in summer months and
lower values in winter months.
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