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Abstract

Upsurge in bandwidth demand in recent times for real-time data transmission have put serious
constraints on satellite communication channels, leading to congestion of the lower frequency bands;
necessitating migration to higher bands (Ku, Ka and V) with attendant problems such as signal fading,
depolarization and attenuation due to presence of hydrometeors. There is need to separately account for
attenuation due to the melting layer along the earth-space microwave links. One year data from ground-
based S-band meteorological radar sourced from Kluang station of the Malaysian Meteorological
Department was processed to build the vertical reflectivity of rain profile for UTM, Malaysia. Results from
this work suggested that the effects of the melting layer on signal attenuation at Ku-band can be quite
significant in the tropical and equatorial regions. It was estimated to be 13.36 dB and 15.44 dB at 0.01% of
the time exceeded using Laws-Parsons and Marshall-Palmer regression coefficients, respectively.
Furthermore, it was observed that ITU-R. P.618-11 model largely under-estimated the attenuation along
the slant-paths because of its failure to account for attenuation due to the melting layer in its formulation by
its assumption of constant rain rate; thus rendering it unsuitable for rain attenuation predictions in the
tropics.
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1. Introduction

The lack of direct knowledge of the microphysical and associated radiative properties of
certain precipitation particles like melting hydrometeors, which have an important radiative
impact in stratiform regions, have led to subjective assumptions in the retrieval algorithms;
neglecting the effect of the melting layer in the retrieval has been shown to lead to a possible
overestimation of the precipitation for light stratiform rain [1]. The total path attenuation is found
by assuming constant rain up to the bottom of the melting layer and adding the attenuation
excess of the melting layer. When the 0°C level is higher, the relative influence of the melting
layer decreases and vice versa [2], [3]. Furthermore, failure to account for attenuation due to the
melting layer will result in poor attenuation predictions and link budget analysis for satellite
communications in the tropical and equatorial regions because of their peculiar rainfall
precipitations. Therefore, attenuation due to the melting layer should be included in the ITU-
P.618-11 Recommendations to adequately account for signal loss due to the melting layer. As
shown in the results of this work, the ITU-R. P.618-11 [4] model which is presently the most
popular and widely adopted attenuation prediction method for satellite communication, largely
under-estimated the attenuation along the slant-path because of its failure to include melting
layer attenuation in its formulations.

From Dissanayake’s model [5], Equation (1) gives the relationship between the rain rate

R (mm/h) and the specific attenuation in the melting layer, &, .

a,=aR" (dB/km) 1)
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The thickness of the melting layer, D, was taken to be 0.5 km and the path length
through the melting layer, L, = 0.5/sin@ (km). Where the elevation angle is g, the path length was
restricted to a maximum value of 10km. Thus, melting layer attenuation A, is given by Equation

).
An =aply(dB); L,<10km (2)

The attenuation produced by the melting ice particles within the melting layer can reach
significant levels; especially for low elevation angle Earth-space links [5]. Although the specific
attenuation in the melting layer is not always significantly larger than that in the rain region
underneath it, rain attenuation modelling, being largely semi-empirical, normally accounts for
melting effects for moderate to high rainfall rates. Therefore, a separate account of the melting
layer is required for low rain rates [5], [6].

In order to properly characterize the bright-band, stratiform rain events must be present.
Convective rainfalls have narrow horizontal area and are associated with extensive rainfall
rates, larger rain drops and height. They are produced by cumulus clouds [7]. Stratiform rains
on the other hand are characterized by light intensity; widespread rainfalls with smaller rain drop
sizes. They are brought about by stratus clouds [7]. Since rain height is highly correlated with
signal attenuation and co-channel interference due to rain drop scattering, proper
characterization of the melting layer from the vertical reflectivity profile (VRP) built from radar
observations in stratiform rain events is essential. Also, rain height distribution can be used to
investigate the mechanisms responsible for variations in the attenuation distributions at any
station of interest. Apart from the ambiguity in estimating the attenuation due to the melting
layer, other sources of errors in slant path attenuation predictions include complexity of the
rainfall structure along slant-path and difficulties encountered in empirically relating rain and
isotherm heights in the tropicalregions, due to insufficient database [8].

The melting layer is the region where solid ice transits into rain as they fall; lying just
below the 0°C isotherm height. This transformation subsequently leads to increase in the
hydrometeors reflectivity as a result of the differences in the dielectric constants of water and
ice; which consequently manifests in the bright-band signature seen in radar measurements [9-
12]. More so, the depolarization effect of the melting layer can be quite significant because of
the non-sphericity of the melting ice crystals’ shape [13]. Furthermore, the melting layer is a
major factor responsible for the problems being encountered in quantification and modelling of
earth-to-space microwave signal propagation attenuations, link budget analysis and equipment
designs.

In spite of the general supposition that attenuation due to the melting layer are
insignificant enough to be ignored, recent researches has shown that the effect of melting layer
on signal attenuation is not after all negligible [14], [15], especially for weak rain rates [16] and
in the Q/V/W frequency bands [17]. Attenuation due to the melting layer (containing melting
hydrometeors) has received less interest over the years when compared to rain and dry snow
attenuations. This is because the melting layer is more difficult to compute than the other
parameters. X-band radar observations have shown that bright-band attenuation is three to five
times the specific attenuation computed for rain only (without considering melting layer) [15].
Scattering, above and within the melting layer and absorption within and below the melting layer
are key factors responsible to signal extinction in hydrometeors. Another problem is the paucity
of Earth-Satellite rain attenuation database for use in rain propagation studies in the tropical
(and equatorial)regions of the world [8], [18-21].

International Telecommunication Union-Recommendation (ITU-R) P.618-11 rain
attenuation model [4] is the most widely accepted international method for the prediction of rain
effects on satellite communication systems. The predicted slant-path attenuation exceeded for
0.01% of an average year is:

Aoo1 =7001Lert dB (3

Where is the effective slant-path length; A, and y,qare attenuation and specific
attenuation at 0.01% of time respectively.
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The predicted attenuation exceeded for other percentages %p of an average year may

be obtained from the value of AO.01 by using the following extrapolation [4]:

V= L —0.655+0.033In p—0.045In Aom—zsing(l—p)]dB 4
Apys %.01(001) 4)
Where p is the percentage probability of interest and Z is given by:
For p>1.0%,z=0 (5)
0; for/¢/>36"
For p<1.0%, z=1z=-0.005/¢/-36) for 6>25and/ ¢/ <36’ (6)

2=-0.004/ $—36/)+1.8—4.25sind, for &<25and/ ¢/ <36

The modified ITU-R (or breakpoint) model by [22], [23] is based on the premise that the
accumulation time factor at the breakpoints is an invariant in the tropics. Also, for elevation
angles less than 60° and at high rain rates, multiple rain cells were observed to intersect along
the slant path [22]. The attenuation exceedance is predicted by two expressions very much
similar to the ITU-R model; with one expression each for stratiform and convective rainfall types
(Equations (10) and (11) respectively). The breakpoint attenuation exceedances, P ,; and rain

rate exceedances, p_ are related as [22]:

Pw = 2.14 Py

@)

This gives an approximate value of P,g as 0.021% for tropical regions of the world as shown in

Figure 1.
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Figure 1. Measured and Breakpoint Attenuation exceeded for UTM, Malaysia at 12 GHz

Ag =kRg *Leff *C, dB

Where, correction factor

©)
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C. = ~0.002|6|° +0.175|6]-2.3; 40°<6<60°
f = lL;0>60° 9

Where k and « are both frequency dependent parameters; Ag and Rg are attenuation
and rain rate at breakpoints, respectively. The attenuation predictions for P% of time are:
For stratiform rainfall,

AP — AB ( p _000'211)—[0.65& 0.033In(p —0.011)—0.045In Ag— zsin@ (0.989-p) ] dB (10)

For convective rainfall,

A, :AB(%])0.5[0.655+0.033In(p2)0.045InABzsina9(0.989p)]dB : p<0.021 (11)

Equations (10) and (11) are modified ITU-R P.618-10 of equation (4).

Most countries in the temperate regions have reasonably sufficient terrestrial rain
attenuation data; while on the contrary, very little data is available for slant-path links for
purposes of design and budget analysis in the tropical and equatorial regions. If the bright-band
was not recognized, it can result in serious under-estimation of total link budget analysis for
satellite communication [15], [17], especially in the tropical and equatorialregions of the world.

2. Research Method

Universiti Teknologi Malaysia (1.56°N, 103.64°E) is 62 km from the Malaysian
Meteorological Department’s Kluang radar station (2.02°N, 103.38°E); with an azimuthal angle
of 169°. This one year measurement data were taken between December 1, 2006 and
November 30, 2007. The classification of the rain events were evaluated by radar operators at
the Malaysian Meteorological Department with the minimum amount of the rain rate that the
radar can detect using the widely accepted Marshall-Palmer [24] empirical relationship of the
radar reflectivity factor. This is expressed in as in Equation (12).

Z=aR" (mm°m?) (12)

where the values for a and b are 200 and 1.6 respectively.

The Kluang radar is a 3-D RAPIC system that utilizes two scan modes. These are the
plan position indicator (PPI) and rain height indicator (RHI). The Kluang meteorological radar isa
vertically-polarized pulse radar, operating in the S-band (2.8 GHz) frequency range; with
sensitivity time control (STC) of 230 km and a bandwidth of 2°. The transmitting and receiving
antennas are both 3.66 m parabolic reflectors types, installed at an altitude of 88.1 m above the
mean sea level.Minimum and maximum search windows were set to 1 and 15 km respectively;
hence the elevation angles used in this work are 1.1°, 1.9°, 3.3°, 5.8°, 7.7°, 10.3° and 13.6°,
with an additional elevation angle of 18.1° to cater for possible tropical thunderstorm rain events
that could lead to unexpected updrafts.

After filtering out the Kluang radar data from the other stations contained in the raw
data, the contents of the selected eight volumetric elevation angles were subsequently
extracted from the filtered data, using MATLAB program codes. In doing these, only data
scanned at a higher resolution of 500 meters were extracted fromKluang radar data. Since the
raw data is encoded in ASCII, the extracted data is decoded and subsequently the VRP is
plotted from the eight selected elevation angles recorded through the 169° RHI azimuthal scan
range. Finally, various melting layer parameters, such as rain and 0°C isotherm heights and
bright-band thickness are obtained.
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3. Results and Discussions
Shown in Figure 2 are the mean VRP plots from Kluang ground-based meteorological
radar from one year observation.

VRP plot for Nov. 2006 to Nov. 2007 from Ground Radar
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Figure 2. Vertical reflexivity profiles from radar measurements for UTM, Malaysia

Each of these VRPs was built from the mean heights and mean radar reflectivity values
for each of the corresponding months. Malaysia annually experience two seasonal monsoon
events and two inter-monsoon seasons [25]. The seasonal monsoon events are the North-East
monsoon (December to March), influenced by an air mass originating from the South China Sea
and the South-West monsoon (June to September). It is brought about by the heavy air mass
movement from the Indian Ocean. These two monsoon events results in two rainy and two dry
seasons annually. The inter-monsoon periods are between April-May and October-November,
respectively.

It is observed that the 0°C isotherm and rain heights are at their peak in the months of
March and September 2007, coinciding with the end of the two monsoons. Equally, these
parameters are observed to be lowest in February, April, July and October of 2007. Similarly,
the bright-band is thickest in February and August 2007. February and August are the months
preceding the end of both monsoon seasons (March and September), thus showing seasonal
dependence [12]. These parameters have been found to be directly correlated to signal
attenuation along the earth-space link.

Furthermore, the rain and 0°C isotherm heights correlation plot from ITU-R P.839-3 [28]
and that obtained from this radar observation is shown in Figure 3.
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Figure 3. Hg against Hy for ITU-R and proposed plots for UTM, Malaysia

Equation (13) presents the mathematical relationship between rain and 0°C isotherm
heights.

Where H; and H, are rain and 0°C isotherm heights respectively.

This plot was arrived at by synthesizing the ITU-R P.839-3 model with H,from the

measured data. From Figure 3, it is clear that ITU-R P.839-3 model is largely theoretical (with a
correlation factor, R” of 1).

Figures 4 and 5 showed the effects of the melting layer on the total attenuation
experienced along the earth-space link. The attenuation due to the melting layer was computed
using Equations (1) and (2) from Dissanayake [5] melting layer model. The regression
coefficients for the computation of specific attenuations for Marshall and Palmer, M-P [24] and
Laws and Parsons, L-P [26] empirical radar relationships at 0°C for 12 GHz frequency link are
obtained from [27].

From Figures 4 and 5, the attenuations due to the 3.03 km thick melting layer [29] using
regression coefficients from [26] and [24] at 0.01% of the time exceeded are 13.36 dB and
15.44 dB respectively. These are quite significant when compared to the measurement value of
17.12 dB due to rain alone, at the same percentage of time exceeded. This result shows that
there is under-estimation of total link budget for satellite communication when the effects of
attenuation due to the melting layer are not accounted for. This could result in poor attenuation
predictions.This is corroborated by [15], [17].
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Figure 4. Rain attenuation exceeded for UTM, Malaysia at 12 GHz
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Figure 5. Hg against H, for ITU-R and proposed plots for UTM, Malaysia

Table 1 is the statistical percentage and root mean square errors for the purposes of
comparison between the ITU-R and breakpoint (BP) model.

From the evaluation procedures adopted for comparison of prediction methods by the
Recommendations ITU-R P.311-13 [30], the best prediction method is one that produces the
smallest values of the statistical parameters. Therefore, when the presence of the melting layer
is taken into account, the breakpoint model using the L-P regression coefficients produced the
best results for 0.001%< p<0.005% and p=1.0% of the time exceeded, while a combination of
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the ITU-R model with the L-P coefficients showed better performance between
0.01%=p<05% of the time.

The idealization of ITU-R P.839-3 modelby not taking in to account seasonal variations;
and the assumption of constant rain height up to the 0°C isotherm may be responsible for the
variations between the results of ITU-R model and those from actual measurement data; thus,
rendering the ITU-R P.839-3 model unsuitable for earth-space attenuation predictions for
tropical and equatorial locations (like Malaysia).

Table 1. Percentage Errors and RMS Comparison

Prediction Time percentage ( %p)
Parameter
Models 0.001 0.002 0.003 0.005 0.01 0.02 0.03 0.1 0.5 1.0

ITU-R 0.0089 0.0036 0.0008 -0.0036 -0.0089 -0.0144 -0.0152 -0.0082 -0.0049 -0.0048
Breakpoint 0.0185 0.0184 0.0194 0.0203 0.0236 0.0302 0.0221 0.0235 0.0259 0.0262
ITU-R+L-P  0.0609 0.0552 0.0522 0.0471 0.041 0.0342 0.034 0.0485 0.0588 0.0611
ITU-R+M-P  0.0733 0.0676 0.0646 0.0593 0.0531 0.0461 0.0462 0.0627 0.0751 0.0781
BP+L-P 0.043 0.0434 0.0448 0.0462 0.0507 0.0591 0.0502 0.0541 0.0596 0.0609
BP+M-P  0.0545 0.055 0.0567 0.0584 0.0635 0.0727 0.0636 0.0688 0.0758 0.0779
ITU-R 0.0022 0.0078 0.0086 0.0078 0.0021 0.0116 0.0125 0.0025 0.0071 0.0071
Breakpoint 0.0138 0.0139 0.0126 0.011 0.0048 0.0194 0.0068 0.0045 0.0118 0.0124
Std. Dev. ITU-R+L-P 0.0344 0.0228 0.0141 0.0176 0.0291 0.0368 0.037 0.0132 0.0306 0.0348
ITU-R+M-P  0.0396 0.0276 0.0192 0.0168 0.0313 0.0409 0.0409 0.0113 0.0428 0.0479
BP+L-P 0.0286 0.028 0.0257 0.0231 0.0098 0.0287 0.012 0.0163 0.0297 0.0324
BP+M-P ~ 0.0359 0.035 0.0323 0.0291 0.015 0.0322 0.0146 0.0219 0.0387 0.0425
ITU-R 0.0091 0.0069 0.0085 0.0069 0.0091 0.0185 0.0197 0.0079 0.0051 0.0053
Breakpoint 0.0124 0.0121 0.0148 0.017 0.0241 0.0359 0.021 0.0239 0.0285 0.029
RMS ITU-R+L-P 0.07 0.0597 0.0541 0.0436 0.0288 0.0138 0.0146 0.0466 0.0663 0.0704
ITU-R+M-P  0.0833 0.073 0.0674 0.0569 0.0429 0.0212 0.0214 0.0637 0.0864 0.0916
BP+L-P 0.0321 0.0331 0.0366 0.04 0.0497 0.0657 0.0488 0.0565 0.0666 0.069
BP+M-P 0.041 0.0425 0.0466 0.0506 0.0617 0.0795 0.0619 0.0722 0.0852 0.0887

Mean

4. Conclusion

There is need to properly and separately account for signal attenuations due to
hydrometeors such as rain and the melting layer along the earth-space microwave links,
especially in the tropics. To realize this, it is necessary to adequately characterize the bright-
band in order to eliminate any ambiguity in the estimation of the attenuation due to the melting
layer. Results from this work suggest that the quantifications of bright-band parameters in the
tropical (and equatorial) regions are influenced by seasonal and latitudinal variations.
Breakpoint prediction model with L-P regression coefficients showed best performance for
0.001%< p<0.005% and p=1.0% of the time exceeded. However, ITU-R model also with L-P

coefficients showed better results between 0.01%=p<0.5% of the time. Again, ITU-R models

(ITU-R. P.839-3 and ITU-R.P.618-11) were found to be unsuitable for prediction of attenuation
due to the melting layer in the tropical and sub-tropical stations. This is partly because they fail
to account the existence of the melting layer; and therefore mostly either over-estimated or
under-estimated the measurements.
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