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Abstract—This paper investigates the dynamic property of a
tropical forested channel due to the weather effect on very high
frequency (VHF) and ultrahigh frequency (UHF) radio-wave
propagation. In this paper, continuous-wave (CW) envelope fading
waveforms are recorded over a period of 50 s with static antennas.
This paper focuses on the analysis of the combined effect of
wind and rain, which is often encountered in a tropical forest.
The induced temporal effects are discussed and compared with
theoretical models. It is found that the distribution of temporal
fading components resembles a Rician distribution function. Its
Rician K factor gradually decreases as the strength of either wind
or rain increases due to the movement of the forest components.
Index Terms—Forest, propagation, ultrahigh frequency (UHF)
and weather, very high frequency (VHF).

I. I NTRODUCTION

V

EGETATION plays a significant role in the fading phenomena in wireless communications [1]–[13]. Much effort has been put into path loss modeling [1]–[5] at various
frequencies (very high frequency (VHF) to millimeter band),
both theoretically and experimentally, since the 1960s. Different influences on the path loss in a foliage channel, such as
types of trees, geometries of the path, height of the antenna,
etc., have been discussed. In particular, interest has arisen in
the study of weather-induced effects on radio-wave propagation
through vegetation [6]–[9]. The seasonal variation of humidity
is studied in [6], and the wind-induced temporal variation is
examined in [7]–[9]. In [7] and [9], the wind-induced temporal variation on a foliage-obstructed cellular base-to-mobile
channel is characterized, modeled, and found to be Rician
distributed.
In recent years, there has been a growing interest in the
near-ground (0.5–3 m above ground) communication channel
within foliage areas at the VHF and UHF bands. Its application
is of scientific and military importance [10]–[13]. These
applications require a detailed understanding of the forested
propagation channel to establish a good communication link.
As a supplement to the well-studied path loss models within the
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foliage channels [1], [3], [10]–[13], the weather-induced effect
on the near-ground forested channel needs to be investigated.
From the open literature, there is minimal research work done
on the weather-induced effect on the foliage channel for nearground communications, except for the study on wind effects,
as reported in [7]–[9] for cellular base-to-mobile channels. In
Singapore, tropical weather conditions such as rain and wind
are often encountered together. The combined effects of wind
and rain cause significant variation to the propagation channel.
This variation in propagation channel can affect the reliability
of modern communication systems when implemented for use
within a forest environment. Therefore, in this paper, the focus
is on the characterization and modeling of tropical weather
effects on the near-ground forested propagation path.
As a continuation of our previous papers [14], [15], the main
objective of this paper is to perform a detailed statistical characterization and modeling of the combined effects of several
typical weather phenomena often experienced in the tropical
region. The combined effect of wind and rain on a tropical
forested channel over the VHF (240 MHz) and UHF (700 MHz)
bands for near-ground communications (2.15 m) is studied. The
tropical forest under investigation is described in Section II,
together with a brief description of the experimental setup.
In Section III, a detailed statistical study is performed for the
weather effects on the forested radio-wave propagation. This
is done by examining the additional attenuation and temporal
variations induced by the varying weather conditions. The
propagation channel under severe weather conditions of heavy
rain and strong wind is analyzed in Section IV. Section V gives
a summary of this paper.
II. M EASUREMENT C AMPAIGN
The measurements are performed in Singapore over a period
of two weeks in December 2006 during the northeast monsoon
season. This is generally the wettest month of the year with an
average monthly rainfall of 280 mm. The foliage chosen for this
study is a palm plantation over a nearly flat terrain, as shown in
Fig. 1. The terrain mainly consists of soil and sand, with some
parts covered with grass. The palm trees are approximately
5.6 m in height and nearly equally spaced at a distance of 7 m
apart. The average tree trunk diameter at antenna height is
around 0.4 m. The foliage depth covered is 400 m.
The measurements were carried out using continuous-wave
transmission at 240 and 700 MHz. Discone antennas with a
typical gain of 2.4 dBi were used for transmission and reception. Both antennas were kept stationary inside the forested
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Fig. 1. Plantation under measurement.

channel and at a fixed height of 2.15 m with vertical polarization
throughout the measurement. At the transmitter, the radio wave
from a signal generator passed through a 10-W high-power
amplifier before being fed into the transmit antenna.
At the receiver, the discone antenna was connected to a lownoise amplifier with 2.9-dB noise figure and 20-dB gain before
passing into a spectrum analyzer. The span of the spectrum
analyzer was set to be 2 kHz around its center frequency to minimize the noise bandwidth. Details of the measurement setup
can be found in Fig. 2. A total of 5001 peak marker readings at
0.01-s intervals were recorded by a Labview program through
a general purpose interface bus connection in order to study the
temporal variations due to the effects of wind and rain.
To study the weather effects on the propagating wave, the
weather information is derived from the weather radar located
by the National Environment Agency (NEA) [16] on the eastern
end of the Island of Singapore. The weather radar covers an elevation angle range from 1◦ to 40◦ , a maximum range of 240 km,
and a scan rate of 12◦ , producing a full set of volumetric
reflectivity and velocity data of the weather information around
Singapore every 4 min. According to the NEA classification
system, rain is classified by its rain intensities (RI) as slight
rain (RI < 2 mm/h), moderate rain (2 mm/h < RI < 10 mm/h),
and heavy rain (RI > 10 mm/h), whereas wind is classified
by the wind speed (W S) as light wind (W S < 20 km/h),
windy (20 km/h < W S < 40 km/h), and strong wind (W S >
40 km/h). Since the experiment is conducted during the northeast monsoon season, the wind comes from the northeasterly
direction. During this measurement, slight rainfall ranges from
0.2 to 1.8 mm/h, moderate rainfall ranges from 2.6 to 8.6 mm/h,
and heavy rainfall ranges from 12 to 24.2 mm/h, whereas light
wind ranges from 0.7 to 17.6 km/h, windy ranges from 24.1 to
30.7 km/h, and strong wind ranges from 40.6 to 54.1 km/h.
III. R ESULTS AND D ISCUSSIONS
The typical (representative of more than 78% of all the
estimated results) envelope fading waveforms corresponding
to the different weather phenomena at 240 and 700 MHz are
shown in Fig. 3. It is found that for both frequencies, in general,

there is a lower received power as the wind and rain become
stronger. This implies that a stronger wind and rain cause higher
signal attenuation. The average received signal varies from
−63 to −71 dBm and from −84 to −98 dBm for 240 and
700 MHz, respectively, as the strength of rain and wind increases, as shown in Fig. 3. This 8- and 14-dB variation in signal
strength that corresponds to the 240- and 700-MHz signal
is purely due to the weather-induced effects. Moreover, the
temporal power variations and deep fades are more noticeable
as the strength of either wind and/or rain increases. Meaning,
the fade variations are largely dependent on the wind and rain
effects on this tropical foliage channel. This shows the significance of wind and rain effects on the temporal variation of the
propagating signal, even in the VHF and UHF range. Therefore,
the wind and rain effects have to be taken into account when
determining the fade margin for communication systems used
in the tropical forest environment. In the following part, the
additional attenuation induced by various weather conditions
(normalized to the fair weather condition: no rain and no wind)
is discussed in detail. The temporal variation of the tropical
forested channel is the focus of the analysis in the latter part
of this paper.
A. Additional Attenuation Induced by Varying
Weather Conditions
The weather-induced effect on the signal attenuation is
shown in Table I, where the additional attenuation induced
by the rain and wind is normalized to fair weather for their
corresponding frequencies of 240 and 700 MHz. It is found that
for both frequencies, the tropical weather induces an additional
attenuation on the propagating signal. As the strength of either
wind and/or rain increases, the additional attenuation correspondingly increases. In particular, the rain is found to be an
important factor that affects the radio-wave propagation within
the forest environment. Although it is well known that the
rainfall affects propagation only at high frequencies of above
5 GHz [17] in free space, it is found to affect the propagation
even at low frequencies of VHF and UHF bands within the
forest environment in this paper. The observed additional attenuation with the rain effect is mainly due to the accumulation
of rain water on the foliage medium that can potentially become
an important source of absorption and attenuation of the propagating wave. Moreover, the results in Table I show that the
weather effect on the foliage channel is more pronounced at the
higher frequency (700 MHz), as compared with the lower frequency (240 MHz). This is because the wavelength (∼0.43 m)
for the 700-MHz signal is much smaller than that (1.25 m) for
the 240-MHz signal. The wavelength at 700 MHz is comparable with the dimensions of the physical components within
the forest environment. For example, the average tree trunk
diameter at antenna height is around 0.4 m. This is about
one wavelength at 700 MHz and one third of a wavelength
at 240 MHz. Therefore, the tree trunk is a better absorber and
attenuator at the higher frequency, as compared with the lower
frequency. With the accumulation of rain water, the tree trunk
can thereby attenuate the signal strength for a higher frequency
to a larger extent, as compared with the lower frequency.
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Schematic diagram of the measurement setup and generic views of the first Fresnel zones (240 MHz _ _ _ _; 700 MHz _________).

B. Weather-Induced Temporal Variations
From Fig. 3, the temporal power variations are observed
with the increase in the strength of wind and rain. To model
these weather-induced temporal effects, the received signal is
normalized to its mean to extract the temporal variations [7],
[9]. The temporal variation is usually characterized through the
statistical modeling of the signal envelope (amplitude) using
the commonly known distributions associated with radio propagation channels [18], namely, Gaussian, Rician, Rayleigh, and
Nakagami. The mathematical expressions for each distribution
are shown in the following equations.
Gaussian distribution
Pr (r) =

−(r−μ)2
1
√ e 2σ2
σ 2π

(1)

where μ and σ are the mean and standard deviation of the
random variable r.
Rician distribution


2
2
 sr 
r − r 2σ+s2
(2)
Pr (r) = 2 e
I0
σ
σ2
where I0 (•) is the modified Bessel function of the first kind
with zeroth order, s is the amplitude of the steady component,
and σ 2 is the variance of the random component. In the literature, the Rician distribution function is often described in
terms of a fading parameter K, which is commonly known as
the Rician K factor, i.e.,
 2 
s
.
(3)
K (in decibels) = 10 log10
2σ 2
The physical interpretation of the Rician K factor depends
on the type of multipath channel. For a fixed channel where
both the transmitter and the receiver are stationary, as in our
case, the Rician K factor is the ratio of the mean power
to the variance of the received components. This is used to
characterize the temporal variability of the propagation channel, which is sensitive to the movements of scattering objects
within the propagation channel, such as humans, vehicles, or
foliage medium. This Rician K factor varies from +∞ decibels
for a static propagation channel with no temporal variations
(approaches a Gaussian distribution) to −∞ decibels for a

dynamic propagation channel with strong temporal variations
(approaches a Rayleigh distribution).
Rayleigh distribution
Pr (r) =

r −r22
e 2σ
σ2

(4)

where σ is the standard deviation of random scattered
components.
Finally, Nakagami distribution
Pr (r) =

2mm (2m−1) −
r
e
Γ(m)Ωm

 mr2 
Ω

(5)

where m and Ω are the shape and scale parameters, respectively,
and Γ(•) is the gamma function. This is a general fade function
that tries to model a combination of distributions. For m = 1,
this fade distribution reduces to a Rayleigh fade channel, and
for m = (K + 1)2 /(2K + 1), it approximates a Rician fade
channel with parameter K, and for m = +∞, there is no fade
in the channel.
The distribution of the measured data is compared with the
aforementioned four theoretical distributions. An example of
the experimental probability density function (pdf) at 700 MHz
is plotted in Fig. 4 (with moderate rain and windy conditions).
Using the maximum-likelihood estimation (MLE) method in
Matlab, the theoretical parameters for the four distributions
are estimated [9]. The set of parameters that maximizes the
likelihood function to fit the measured data is determined.
To verify how well the distribution of the measured data fits
with the theoretical models using the MLE method, the rootmean-square (RMS) error Erms between the experimental and
theoretical distribution is calculated [4], [9] as follows:

N
2
i=1 (Ei )
Erms =
(6)
N
where N is the number of sample points, and Ei is the
difference between the experimental and theoretical values at
the same fade level. In this test, the average Erms for each
distribution under different weather phenomena is calculated
and tabulated in Table II. The theoretical model with the
smallest Erms is considered to be the best distribution function
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Fig. 3. Typical received power over time under different weather phenomena. (a) Results at 240 MHz. (b) Results at 700 MHz.
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TABLE I
ADDITIONAL ATTENUATION INDUCED BY VARYING WEATHER CONDITIONS ON THE PROPAGATING SIGNAL PER DISTANCE

leaves, as shown in Fig. 1. These broad palm leaves are easily
moved by the falling raindrops.
Furthermore, it is also observed that under similar weather
conditions, in general, at higher frequency (700 MHz), there is
a lower Rician K factor. This is because, at higher frequency,
the wavelength is smaller and is thus more comparable with the
size of the physical elements in the forested channel. Therefore,
higher frequencies (700 MHz) more readily get affected by
the variation in weather conditions and thus result in a lower
Rician K factor.

IV. F URTHER A NALYSIS ON H EAVY R AIN AND
S TRONG W IND C ONDITIONS

Fig. 4. Example of a pdf derived from the measured data fitted with different
distribution functions at 700 MHz.

of the four for describing the weather-induced temporal variations of the channel.
From Table II, the Rician and Gaussian distribution functions
are found to be the two models with good fit for the description
of weather-induced temporal variations for both frequencies
(240 and 700 MHz) in general. Since the Rician function
is a generally good approximation for the weather-induced
temporal variation [7], [9], it will be used for the analysis of
the experimental results in this paper. Furthermore, the physical
interpretation of its Rician K factor provides an effective and
convenient means of performing a comparison of the statistical
analysis for different weather and foliage effects. The moment
method [19] is then used to determine the Rician K factor of
the received signals under different weather conditions. The
estimated Rician K factor is tabulated in Table III.
From Table III, it can be seen that, in general, the Rician K
factor decreases as the strength of either wind or rain increases
for both frequencies. This is due to the movement of the
physical elements (leaves and branches) caused by the wind
and rain within the foliage channel. The movement increases as
the strength of the wind and rain increases, thereby increasing
the temporal variability of the propagation channel. However,
it is interesting to note that, even without the effects of wind,
the falling rain can also decrease the temporal Rician K factor.
This is because, in this plantation, the palm trees have broad

In tropical and equatorial regions, extreme weather conditions with heavy rainfall and strong wind are very often encountered in the form of thunderstorms. This weather condition is
very common during the Northeast Monsoon season (when the
measurement campaign was conducted). In our measurement
campaigns, the data for the extreme weather conditions are
limited due to the halt in measurements when there was thunder
and lightning. In this section, the limited data collected in
heavy rain and strong wind conditions are analyzed. The typical
results of heavy rain and strong wind effect on the propagation
channel for 240 and 700 MHz, respectively, are shown in
Fig. 5. The corresponding additional attenuation induced by this
weather condition, which is normalized to fair weather, is found
to be 43.7 and 62.2 dB/km for 240 and 700 MHz, respectively.
The temporal variation of the received signal is also found to
be Rician distributed, and its Rician K factor is −3.19 and
−1.99 dB for 240 and 700 MHz, respectively.
Similar to the results presented in the previous section, it
can be concluded that either rain or wind can impose an
additional attenuation on the propagating wave within the forest
environment. The additional attenuation will increase as the
strength of the wind and rain increases. Similarly, the additional
attenuation increases as the frequency increases. When the
propagation channel experiences extreme weather conditions,
the additional attenuation can be up to 43.7 and 62.3 dB/km for
240 and 700 MHz, respectively. This can be above the dynamic
range of a terrestrial communication link and can cause the
breakdown of the link.
The Rician K factor decreases as the strength of the wind and
rain increases. This is due to the weather-induced movement of
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TABLE II
AVERAGE Erms VALUES FOR EACH DISTRIBUTION UNDER DIFFERENT WEATHER PHENOMENA. (a) AT 240 MHz. (b) AT 700 MHz

TABLE III
RICIAN K FACTOR UNDER DIFFERENT WEATHER PHENOMENA

the foliage medium. The movement increases as the strength
of the wind and rain increases, which thereby increases the
variation of the received signal strength. However, the same
trend for the Rician K factor is not observed as the frequency
increases. In the previous section, the Rician K factor is
consistently smaller for 700 MHz, as compared with those at
240 MHz. In this section, when the propagation channel experiences heavy rain and strong wind conditions, the Rician K
factor at 700 MHz (−1.99 dB) is larger than the Rician K factor
at 240 MHz (−3.19 dB).
This can be explained with the help of the first Fresnel
zone, since the energy transmission from the transmitter to

the receiver is mainly concentrated within this region. The
size of the first Fresnel zone surrounding the geometrical ray
paths, as shown in Fig. 2, can be computed from the following
expression [2]:
1√
λd
(7)
H0 =
2
where H0 is the semiminor axis of the ellipse that forms the
outer bound of the first Fresnel zone, λ is the wavelength, and d
is the foliage depth covered, as shown in Fig. 2. The estimated
H0 are 11.2 and 6.5 m for 240 and 700 MHz, respectively.
Comparing this estimated H0 of the first Fresnel zone with the
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Typical received power over time during a thunderstorm, where heavy rain and strong wind are experienced. (a) 240 MHz. (b) 700 MHz.

antenna height of 2.15 m and the palm tree canopy height of
5.6 m, it is found that there are relatively little amount of
randomly distributed broad leaves of the palm tree that falls
within the first Fresnel zone for 700 MHz, as compared with
240 MHz (see Fig. 2). Meaning, most of the first Fresnel zone
for 700 MHz is occupied by tree trunks, whose movements due
to heavy rain and strong wind are limited as compared with the
movement of broad leaves and branches, which have significant
contributions within the first Fresnel zones at 240 MHz. This
may be the main reason for the lower Rician K factor at
240 MHz, as compared with 700 MHz under the extreme
weather condition.
Furthermore, due to the increase in amount of leaves and
branches included in the first Fresnel zone at lower frequencies,
there is a larger Rician K factor variation of 29–30 dB due to
weather variations at 240 MHz, as compared with the Rician K
factor variation of 22–23 dB at 700 MHz. This indicates that,
at higher frequencies, the relative increase in the temporal variability of the foliage propagation channel is significantly less
than those at lower frequencies when the weather conditions
change from fair (no rain and no wind) to extreme (heavy rain
and strong wind).
V. C ONCLUSION
The effects of natural weather conditions, such as wind and
rain, have been examined in this paper. To study the realistic
wind and rain effects on a tropical forested channel at VHF and
UHF bands, measurements were carried out over a period of
two weeks in a palm plantation located on the tropical island of
Singapore during the northeast monsoon season, which is the
wettest month of the year.
The experimental results indicate that the wind and rain
can impose an additional attenuation on the propagation signal within the forest environment. The additional attenuation
increases as the strength of the wind and rain increases. This
additional attenuation also increases as the frequency increases.
It is also observed that there is a large power variation and deep

fades in the received signal as the strength of the wind and the
intensity of the rain increase.
The temporal fading components due to the weather-induced
variation is then statistically modeled and found to be Rician
distributed. The decrement of the Rician K factor as the
strength of the wind and rain increases indicates an increase
in the temporal variability of the propagation channel. In general, the higher frequency signal (700 MHz) has a smaller
Rician K factor as compared with the lower frequency signal
(240 MHz). This is because the wavelength (0.43 m) for
the 700-MHz signal is smaller than that (1.25 m) for the
240-MHz signal. The wavelength of the 700-MHz signal is
comparable with the dimensions of the physical elements
within the forest; therefore, it is easily affected by the movement of the elements within the forest environment. However,
a larger Rician K factor is observed at 700 MHz, as compared
with 240 MHz under extreme weather conditions with heavy
rain and strong wind. This is because the first Fresnel zone
decreases in volume as the frequency increases, thus excluding most of the more moveable scatterers such as leaves and
branches. The relatively less variation in the Rician K factor
indicates less moveable scatterers within its first Fresnel zone
at higher frequency. This paper is useful for the design of a fade
margin for a VHF/ UHF communication system in a tropical
forested environment.
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