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Abstract—This paper proposes a novel dust-storm total path
attenuation prediction model. This model is formulated as a
function of specific attenuation (dB/km) and the effective distance,
which considers the non-uniform dust storm intensity variations
throughout the link. The effective distance is obtained as a
combination of the total link distance and the reduction factor.
The reduction factor is developed based on the modeled 2-D
structure of the observed dust storm characteristics. A
measurement campaign of atmospheric characteristics, their
properties, and effects on several microwave links operated in
Khartoum-Sudan was conducted. In an earlier report, an
empirical dust storm attenuation prediction model was proposed
based on short-distance links by assuming uniform dust storm
intensity variations. However, it was observed that the dust
intensity varies with the distance, which affects total attenuation,
and this issue is not addressed yet. One year measurement on the
6.2 km and 7.6 km long microwave links operating at 21.2 GHz
and 14.5 GHz are used to validate the proposed dust storm total
path attenuation model.

Index Terms— Dust Storm; Attenuation Prediction; Microwave
Propagation, Dust Intensity Variation.

I INTRODUCTION

UST and sand storms are frequently experienced in many

of the world’s dry regions. Recent investigations have
shown that dust storms strike different parts of the world for a
significant time annually, causing a wide area to be covered
with dust and sand. This phenomenon impacts the economy,
human health, livestock populace, transportation means, and
telecommunication services, where strong winds may spread
out dust storms to cover vast areas [1].
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A conclusion has been drawn that absorption and scattering
are negligible for frequencies of less than 10 GHz. However,
for frequency higher than 10 GHz, significant effects can be
observed [2]. Currently, the radio spectrum is congested, and
increasing demand for high data rates makes hopping to higher
frequencies inevitable. As the frequency increases, wave-length
quickly approaches the dust particle size; hence the effect of
scattering increases exponentially, especially at severe dust
storms [3-4].

Deployment of the 5™ generation telecommunication systems
and the emergence of the Internet of Things (IoT) impose a
challenge to study the effects of these storms on Microwaves
and millimeter waves with particular applications in the areas
of antenna theory, particle characteristics, and microwave
systems performance.

Numerous methods were developed based on different
approaches to estimate attenuation caused by sand dust storms.
Analytical, numerical, and experimental methods are
introduced to calculate the attenuation at different accuracy
levels [5 -13]. However, analytical and mathematical models
are based on certain theoretical assumptions; they do rely on
measured dust particle characteristics in attenuation prediction
[14-15]. A recent measurement campaign of atmospheric
characteristics, their properties, and effects on several
microwave links operated in Khartoum-Sudan was conducted
[12]. All analytical, numerical, and experimental methods were
unable to predict the measurement and underestimated
significantly [12, 16]. In the previous article, an empirical dust
storm attenuation prediction model in dB/km was proposed
based on dust storm attenuation measurements on two
microwave links of 2.6 and 2.8 km operated at 14.4 GHz and
21.3 GHz, respectively. The measured attenuation was utilized
to calculate dB/km by assuming uniform dust storm intensity
variations along the links [12].

Attenuation is estimated in dB/km by all contemporary
models, considering that the dust storm is uniformly distributed
across the Microwave link [17]. However, the uniform
distribution of the dust storm is far from the real environment,
which affects total attenuation, and this issue is not addressed
in literature yet. The assumption of uniform distribution of the
dust storm intensity along the microwave path can overestimate
the predicted attenuation for longer path length links. In reality,
the severity of the dust storm intensity varies across the
Microwave path [11].

Goldhirsh has attempted to characterize the dust storm 2D
structure by proposing a 2D exponential model that relates the
dust storm path attenuation to the visibility across the link [11].
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Goldhirsh modeled a dust storm as a circularly symmetric
ellipse shape, having minimum visibility at its center, and
increases exponentially radially up to a fixed maximum
visibility threshold level. The proposed model constituted a
convenient analytical tool that provides reasonable estimates of
dust storm intensity variations across the link. In [18],
researchers extended Goldhirsh’s model by introducing a
method to calculate the effective horizontal distance.

In this paper, a novel dust-storm total path attenuation
prediction model is proposed as a multiplication of specific
attenuation and the effective distance considering non-uniform
dust storm intensity variations throughout the link. A recent
measurement campaign of atmospheric characteristics and their
effects on the 6.2 km and 7.6 km long microwave links
operating at 21.2 GHz and 14.5GHz are used to validate the
proposed dust storm total path attenuation model.

1. MODELING DUST STORM INTENSITY
VARIATIONS

A. Development of the Reduction Factor

Goldhirsh 2-D dust storm model provided a simple
estimation of the dust storm visibility structure, as shown in
Equation (1) [11].

V=V, exp[l—J (1)
IO

Where
| is the radial distance from the center of the storm, V, is the
point of the minimum visibility, |, is the characteristic radial
distance over which minimum visibility increases by a factor of
exp (1).

Attenuation of electromagnetic radiation (Ar) through a
Microwave link of length d via a medium of precipitation is
expressed as follows [19]:

d
A = [ A.dx (@B) @)
0

Where As (dB/km), the specific attenuation from the dust
precipitating particles can be calculated using Elsheikh
empirical model as follows [12]:

&:(ax(V)b)x(Cx(f)d+e)(dB/km) 3)

Where

V: visibility in km

a=0.6301

b=-1.123

f: frequency in GHz .

c, d,e : Parameters represent imaginary part of dielectric
constant at different frequencies and moisture as in [12].

For the development, the path reduction factor (R), the
following points are assumed.
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a. The minimum visibility point (Vo) is at the center of
the dust storm.

b. The specific attenuation (As) is predicted at minimum
visibility (Vo).

The specific attenuation As can be estimated at the point of
minimum visibility (Vo) is as follows:

'A¥c =(a><(V0)b)><(C><(f)d +e)

On the other hand, the total attenuation experienced by the
whole link (A;) can be obtained by substituting Equation (1) and
Equation (3) in Equation (2) as follows:

A =1 ax(voxexp[ll—nb x(cx(f)" +e) |dx@®)

®)

(dB/km) 4)

Where

V the visibility variations as modeled in Equation (3)

| radial distance from the minimum visibility point.

l, The characteristic radial distance over which the minimum
visibility increases by a factor of exp (1).

Based on the assumption of symmetrically distributed dust
storm intensity from the center (minimum visibility point,
hence:

A =Ij ax(voxexp[ll—nb x(cx(f) +e) |diee) ©)

Where d =21,
Therefore, Equation (6) can be re-expressed as follow

1

AT=2xI ax[Voxexp[llD X(Cx(f)d+6) dl @B)(7)

Where
I; is the radial distance from the minimum visibility point (Vo)

Alternatively, the total attenuation Ar can be expressed as :

A=A xd,  (dB) (8a)

Where

ds =dxR km
Ar s the total attenuation throughout the microwave link.
&0 Specific attenuation in dB/km calculated at Vo.

(8b)

derr effective distance

d the microwave link length in km where d=2*1..

R is the reduction factor which reflects the dust storm
intensity variations.
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Substituting the values of the specific attenuation A, and total
attenuation Ar in Equation (8a), and solving for R gives:

REGIE

9)
Il
Let b=-1.123 [12], Equation (9) can be re-expressed as:
1123 |1
:LXI_O 1- 61123(A) 10)
1123 |,

Hence, a reduction factor is proposed based on the 2-D visibility
model. The proposed reduction factor is a step forward that
enables the calculation of total path attenuation; a longer length
microwave link might suffer.

B. Estimation of the Reduction factor at different dust storm
intensities

Goldhirsh observed a severe dust storm on May 9" 1990,
visibility during the storm is estimated to be smaller than 5m,
and 100m measured at two different points simultaneously. The
corresponding values of the minimum visibility and the
characteristic radial distance are found to be V,=1.84 *10-and
lo = 9.26 km, respectively. This indicates the worst case
scenario in dust intensity variations which has significant
impact on the reduction factor. Substituting the values of
V,=1.84*10%and |, = 9.26 km in Equation (1) produces the
modeled visibility structure of the observed dust storm in
Khartoum (5m -100m), as shown in Figure 1.

From Figure 1, it is clear that at lower visibility (visibility <
5m), the resulted radial distance is approximately 9.25 km.
Whereas, for higher visibility (5 < visibility < 100m), the
corresponding radial distance is equal to 37 km. Therefore,
visibility variations of the dust storm are directly proportional
to the radial distance covered by the storm. Hence, different
values of the parameters V, and |, reflect different visibility
structures of the dust storm; consequently, the portion of the
radial distance has been covered by the storm.

Moreover, the proposed reduction factor (R) shown in Equation
(10), is a function of the characteristic radial distance |, and the
total link length (d). Different values of I, and d produce a
different reduction factor, as shown in Figure 2.

Figure 2 shows the portion of the link covered by the dust storm
at different dust storm structures represented by the curves with
different I, values. As the link length (d) increases, the portion
of the link covered by the dust is reduced. For example, a link
of 2 km length at a characteristic radial distance of 1,=9.25 km
(Goldhirsh measurement) [11], reduction factor value is
R=0.9417 (almost the entire link is covered), while for the same
value of |, a link of 50 km length, reduction value R reduced to
0.3139 (only 31% of the link is covered). On the other hand, for
another dust storm structure where 1,=30 km, a link with 2 km
length, the reduction factor value R= 0.9815, whereas for the
same |, value, a link with 50 km length, the reduction factor
reduced to R=0.6494 (only 65% of the link is covered).
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Visibility is less than 100 m
Coverage length is 74 km

Visibility is less than 5 m
Coverage length is 18.5 km

S0 40 300 20 -0 0 100 2 30 40 30
Distance form Minimum Visiblity (km)
Fig. 1. Modeled (2-D) dust storm structure based on an observations of a
dust storm in Khartoum on 9th May, 1990 [11]

=

Reduction factor
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Link length in km
Fig.2.Variations of values of reduction factor with link lengths at different
dimensions of dust storm visibility structures

Hence, for both visibility structures with 1,=9.25 km , 1,=30 km
evident variations of dust intensity exists along the Microwave
link. Decay in visibility along the link covered by the storm is
apparent for both dust storm structure where 1,=9.25 km and
1,=30 km as the link length increases.

C. The total Path attenuation model

A total path attenuation prediction model is developed by
taking the product of two components. The first component is
the empirical specific attenuation prediction model (dB/Km)
[12]. The second component is the effective length covered by
the dust storm. The effective path is simply the total link length
(d) multiplied by a reduction factor (R). Reduction factor (R) is
a ratio that accommodates horizontal dust storm intensity
variations along the Microwave link.

Hence, Equation (2) can be re-expressed in equations (8a) and
(8b).

Where,

Asis as given in equation (3)

R, is as given in equation (10)

dert effective distance in km as in (8b) , d Total link length in
km.Ar  Total attenuation in dB, As specific attenuation in
dB/km, R adjustment factor, 11 is the radial distance from the
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center of the storm, I, is the characteristic radial distance over
which the minimum visibility increases by a factor of exp (1).
Hence, based on Goldhirsh measurement for visibility range
5m to 100 m; the value of I, is found to be 1,=9.26 km [11].
Therefore, |, value is substituted as 9.26 km in equation (10).
Therefore, the total path attenuation due to the dust storm is
estimated as in Equation (11):

A =((ava)x((c>< fd)+e))x

L
1 S % L 61.123x(loj
11237 |,

dB  (12)

Il EXPERIMENTAL SETUP, DATA COLLECTION, AND
PROCESSING

The monitoring system includes two microwave links, a
meteorological station, and a set of data acquisition hardware.
The microwave links were MOBLOOL_JREEFSHAREG and
BIA-2_ MANCHIA, which were relatively long Microwave
links operating at 21.2 GHz and 14.5 GHz with link lengths of
6.2 Km and 7.6 Km, respectively (shown in blue dashed lines
in Figure 3). The links were located in north and south-east from
Khartoum International Airport (illustrated in red arrows in
Figure 3) where a metrological station named as automatic
weather station (AWS) was installed.

A. Data Collection

Optical visibility is monitored using the Vaisala
Transmissometer equipment LT31; LT31 transmissometer is
used for measuring the atmospheric transmittance at visibility
deterioration (fog, rain, dust). LT 31 transmissometer measures
the transmitted light signal through the atmosphere. It consists
of a light-transmitting and receiving optically aligned units,
which are located in predetermined places with 30 m
separations. Degradation in the visibility across the
predetermined path results in decreased signal intensity as it
reaches the receiver. Therefore, LT31 can directly compare the
transmitted and received light signals.

It makes calculations for the mean extension coefficient,

including both scattering and absorption. , LT31 sensor can
measure meteorological optical range (MOR) or visibility with
the accuracy of + 3% for a range of 10m -10000 m with 1
minute collection time [20].
Table I and Table I1, respectively, provide a detailed description
of the Microwave connections MOBLOOL JREEFSHAREG
and BIA-2 MANCHIA. Figure 3 displays the locations of the
meteorological station and the microwave link—additionally,
temperature, relative humidity, wind speed, and wind direction
sensors were monitored simultaneously [20]. Over 22 dust
storm events were witnessed in Khartoum city during the one-
year experimental period.

o T
MABECOL
[

Fig. 3. Location map of MOBLOOL_ JREEFSHAREG Microwave link and
the weather station

All atmospheric parameters were recorded as with their
corresponding transmitted and the received signals during the
year starting from 1%t June 2014 to 315 May 2015.

Table |
MABLOOL - JAREEF SHARIG MICROWAVE LINK

Parameters MABLOOL JAREEF SHARIG
RX Frequency (MHz) 21253.25 22453.25
Polarization Horizontal Horizontal
Antenna diameter 0.6m 0.6m
Antenna gain 40.5dBi 40.5dBi
Antenna height 25m 21m
TX Power 12 dBm 12 dBm
Table Il
BIA-2-MANCHIA MICROWAVE LINK
Parameters BIA-2 MANCHIA
RX Frequency (MHz) 14502.75 14992.75
Polarization Vertical Vertical
Antenna diameter 12m 1.2m
Antenna gain 42.50 dBi 42.50 dBi
Antenna height 25m 36 m
TX Power 18.5 dBm 18.5dBm
B. Data Processing
The one-year data collected from the Vaisala

Transmissometer LT31 was analyzed using MATLAB. A
cumulative distribution function of measured optical visibility
is generated.

The following steps have been taken to extract and process
the received signal level data:

1. Zero readings and unrecorded data have been deleted to
prepare the data for the processing.

2. From the data, it can be noticed clearly that the received
signal level for 6.2 km link at 21 GHz was varying around -40
dBm before dust storm started and dropped to -54 dBm during
storm as shown in Figure 4.

3. Hence, a threshold of the received signal level is calculated
by averaging measured values during clear weather with high
visibility period.
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4. The dust storm attenuation is calculated by subtracting the
received signal level (dBm) from threshold (dBm) and
expressed in decibel (dB).

6.2 at 21.2GHz

10°

107!

5. Consequently, all of the received signal levels during dust
storms have been processed to produce the attenuation as shown
in Figure 5. 102} :

6. The accumulated attenuation data measured for
MABLOOL - JAREEF SHARIG Microwave link has been
processed over 1 year to produce the Complementary
Cumulative Distribution Function (CCDF) using Matlab. The
produced Complementary Cumulative Distribution Function
(CCDF) is shown in Figure 6 for 6.2 Km link at 21.2GHz.

Cumulative Survival Function

[

10t L L L L
1] 10 20 30 40 50 60

Attenuation in dB
Fig. 6. One-year measured total attenuation throughout the Microwave link for
6.2 Km link at 21.2GHz.
7.Same procedures have been followed for BIA-2-
MANCHIA Microwave Link 7.6 km operating at 14.5GHz to

produce the attenuation (CCDF) as illustrated in Figure 7. 10

7.6 Km at 14.5 GHz
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Cumulative Distribution Function
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= 10°F
43
. 10t - . : - -
0 0 10 20 30 40 50 60
- Attenuation in dB
; Fig.7. One year measured total attenuation throughout the microwave link for
- a 7.6 Km link at 14.5 GHz.
Fig. 4 Measured received signal level for MABLOOL-JEREEF link on 6-7th The dust storm attenuation is calculated by subtracting the
June 2014 at Khartoum received signal level (dBm) from the threshold (dBm) and
expressed in decibel (dB). The receivers sensitivities for both
y of the microwave links were -100 dBm, while receive signal
B levels without dust storms were varied around -40 dBm. Hence
12 the minimum 60 dB dynamic ranges were achieved for both
I oW links. 15T
] 10°
3
é 107!
% 10
Time (hours) é
Fig. 5. Measured attenuation for MABLOOL-JEREEF link on 6-7th June é
2014 at Khartoum. c

-4 L L L L
10
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Visiblity in Meters Ei
ig.
8. Cumulative distribution of measured visibility from June 1%, 2014 to May
31%, 2015, in Khartoum.
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Figure 8 displays the percentage of the time of year, where
optical visibility was decreased below 10,000 m due to
Khartoum dust storms. A threshold of the received signal level
is calculated by averaging measured values during clear
weather with a high visibility period.

V. VALIDATION OF THE PROPOSED MODEL

The predicted attenuation using the proposed total path
attenuation model is compared with the measured attenuation
of MABLOOL - JAREEF SHARING, with both 6.2km and 7.6
km links operating at 21.2 GHz and 14.5GHz, respectively.
Figure 9 and Figure 10 show the comparison between the
measured and total path attenuation predicted by the proposed
equation (11). Good agreement between measurement and
prediction can be observed in most of the visibility levels on
both of the links. From Figure 7, the prediction underestimates
at low and high visibility levels, while good agreement in the
middle for 21.2 GHz. From Figure 8, the prediction
underestimates the measurement at visibilities lower than 200
m, while overestimates it for visibilities higher than 200 m for
14.5 GHz.

The proposed model produces reliable predictions by
considering dust storm intensity variations along the
propagation path. The 2-D structure of the dust storm has
constituted a base to develop the reduction factor, a ratio that
estimates the portion of the link covered by the storm. Since the
path lengths of 6.2 and 7.6 km are much shorter than the
assumed dust cell structure, the proposed reduction contributes
significantly to prediction in longer path lengths.

V. CONCLUSION

All contemporary dust storm attenuation models predict in
dB/km by considering that the dust storm is uniformly
distributed across the microwave link. However, it was
observed that the dust intensity varies with the distance, which
affects total attenuation, and this issue needs to be addressed in
prediction modelling. Based on the proposed 2-D visibility
structure of the dust storm, a reduction factor is developed in
this paper to accommodate dust storm intensity variations for
longer links.

60 S
\ -=-R=0.833610=9.26
\ \ —Measured

Attenuation in dB
=

=)
T

0 01 02 03 04 05 06 07 08 09
Visiblity in km
Fig. 9. Measured and predicted total attenuation for MABLOOL - JAREEF
SHARIG 6.2 km link operating at 21.2 GHz.
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Fig. 10. Measured and predicted total attenuation for BIA-2-MANCHIA
7.6 km link operating at 14.5 GHz.

A novel total attenuation prediction model is proposed by
introducing an effective distance with an empirical specific
attenuation model reported in an earlier published paper in
IEEE Transaction [12]. The effective distance is defined as the
product of the actual path length of the microwave link and the
reduction factor. The proposed novel total path attenuation
model is validated by the measured total attenuation of
microwave links operating at 21.25 GHz and 14.5 GHz, with a
6.2 km and 7.6 km path length and found good agreement
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