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Radar Measured Rain Attenuation with Proposed
Z-R Relationship at a Tropical Location
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Abstract— Attenuation measurement on Ku- and Ka-band
satellite beacon signals in a tropical site, Singapore are presented.
New Z-R relationship (Z = 61.75R1%1) is derived using rainfall
rate data from rain gauge. Rainfall rates retrieved from Radar
data using the proposed relation from Singapore's data set are
used to measure the earth-satellite path rain attenuation. The
measured attenuations from satellite beacon receivers and Radar
can match with each other well.
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I. INTRODUCTION

or tropical country like Singapore, excessive rainfall is a
frequent phenomenon throughout the year. At a common
tropical rainfall rate of 100 mm/hr, an attenuation of up to 10
dB per km is observed over 10 minutes in the Ka-band
frequency of 20 GHz [1], [2]. Therefore, the knowledge of the
rain fade is critical for the design of a reliable terrestrial and/or
Earth space communication link, especially for frequency
above 10 GHz. However, to establish an Earth to space
communication link for propagation studies is very costly.
Radar reflectivity data therefore becomes an attractive
alternative for rain attenuation estimation and prediction.

The Radar reflectivity data is commonly used for rain
attenuation prediction due to the wide volume coverage of the
data. Rainfall rate estimation from Radar measurements is
based on empirical models such as the reflectivity (Z) and
rainfall rate (R) relation, the Z-R relation, which has been
studied for more than 60 years [3]. In Radar meteorology, the
accurate determination of the rainfall rate from the measured
reflectivity is important. The Z-R relationships relate the
measured Radar reflectivity to rainfall rate according to the
general formula (1) by Marshall and Palmer [3],

Z =aR" ()]

where Z (mm® m® is the Radar reflectivity factor and R
(mm/hr) is the rainfall rate. Marshall and Palmer [3] published
the Z-R relation using the exponential DSD with a set of
generic parameters of a =200 and b = 1.6 . Battan [4]
presented a list with 69 different Z-R relationships in different
parts of the world and proved that Z-R relationships are
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different for different climatic conditions. A proper Z-R
relationship that fit with the local climate is essential for the
prediction of rain attenuation from Radar reflectivity data.

Section Il provides a description of the Radar system and the
beacon receiver data used for the analysis. Section I11 shows the
formulas for the calculation of path rain attenuation. In section
IV, the procedures to calculate the attenuation are described in
detail. The comparison of beacon and Radar measured rain
attenuation in time series and cumulative distribution function
(CDF) are also presented in this section. Finally, the
conclusions are given in section V of the paper.

Il. DATASETS

A. Weather Radar (Changi)

The Radar dataset used in this study is collected at the Changi
weather station (1.3512° N, 103.97° E) on the east coast of
Singapore. The Radar is operating at the S-band frequency of
2.71 GHz. It performs a full volume scans every 5 min. The
maximum range of the scanning rays is at least 120 km for
elevation angles from 0.1° to 40°.Other details of the Radar are
given in [5]. In Section IV-A, full volumetric data for the year
2003 and for 16 months from May 2011 to Aug 2012 will be
used to derive the Z-R relationship.

B. Weather Station (NTU)

Rainfall rate is collected and measured by the tipping-bucket
rain gauge with a resolution of 0.2 mm/tip. The rain gauge data
is recorded by the Davis Vantage Pro 2 weather station. The
weather station is located in the campus of Nanyang
Technological University (NTU, 1.3423° N, 103.6807° E),
which is about 32.2 km west of the location of the Radar at
Changi.

C. Beacon Receivers (NTU)

In order to verify the validity of using the full volumetric
Radar data in this study, the measured rain attenuation from
beacon receivers will be compared with the Radar derived rain
attenuation. This analysis is performed based on three sets of
beacon rain attenuation measurements: WINDS, GE23 and
ST2 geostationary satellites. The beacon receivers are located
besides the weather station.

The beacon signal from the Wideband InterNetworking
engineering test and Demonstration Satellite (WINDS)
satellite, located at 143° E has a frequency of 18.9 GHz, an
elevation angle of 44.5°, and is LHCP polarized. Beacon signal
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from the General Electric 23 (GE23) satellite, located at 172° E
has a frequency of 12.75 GHz, an elevation angle of 13.2°, and
is linearly polarized. The beacon signal from the Singtel-2
(ST2) satellite, located at 88° E has a frequency of 12.5 GHz, an
elevation angle of 71.5°, and is linearly polarized.

In order to remove spurious signals and scintillations [1], all
the measured beacon signals undergo a 6"-order butterworth
low-pass filtering with the cutoff frequency of 40 mHz. These
beacon measurement data will be used in Section 1V-B to
derive and verify the Z-R relationship used for converting the
Radar reflectivity values to rainfall rates.

I1l. THEORETICAL FORMULATION AND MODELS

In order to derive the rain attenuation from the data obtained
from the Radar system, the point rainfall rate, Ri, needs to be
accurately obtain from the reflectivity to rainfall rate (Z-R)
relationship. Once the point rainfall rate, R;, is obtained, the
slant path attenuation can then be derived using (2). The ITU-R
recommends the use of Marshall-Parmer’s Z-R relationship of
Z = 200 - R, However, literature [6] has shown that the Z-R
relationship differs based on the climatic zone. Therefore, the
Z-R relationship that is suitable for the Singapore climate is
presented in the Section IV-A. The Z-R relationship is used to
convert the Radar reflectivity values, Z, into rainfall rate at
every pixel along the earth-space propagation path. In order to
calculate the rain attenuation along the slant path between the
earth stations to the satellites, the path attenuation associated
with each pixel is calculated and then integrated over the length
of the slant path using (2).

The earth-space path attenuation A is calculated through the
numerically summation of:

A=Y" kR L; (2)

where L = hy/ sin 8 is the path length affected by rain, 0 is the
link elevation angle, hy is the fixed yearly mean rain height,
derived from ITU-R Rec. P.839-3 [7]. The coefficients of
specific attenuation, k and «a, can be obtained from the ITU-R
Rec. P.838-3 [8], and is dependent on the link elevation angle,
the radiowave frequency and the polarization. In (2), R; is the
point rainfall rate value at each i pixel along the slant path
between the earth station and the satellite. Therefore, the
transmission link performance is strongly dependent on the
precipitation characteristics along the slant path and affects the
system performance significantly.

IV. RESULTS AND DISCUSSION

A. Z-R Relationship for tropical climatic zone

In order to calculate the path attenuation from Radar data, the
appropriate Z-R relationship should be used. Fig. 1 shows the
CDF of the point rainfall rate measured at the NTU
measurement site using a 0.2 mm tipping bucket rain gauge.
The rainfall rate derived from the commonly used
Marshall-Parmer Z-R relationship (M-P Z-R) is also plotted.

As can be seen from the figure, the point rainfall rate
obtained from the Radar data using Marshall-Parmer Z-R
relationship tends to underestimate the rainfall rate compared to
our rain gauge measured statistics. Therefore, a Z-R
relationship that is suitable for the tropical climatic zone needs
to be obtained. Using the best fit method, by comparing the
CDF statistics of equi-probable Radar reflectivity Z and
equi-probable rain gauge’s rainfall rate R, the following Z-R
relationship suitable for the tropical climate is derived:

Z = 61.75 - R161 ©)

As shown in Fig. 1, the Z-R relationship derived in (3)
provides a closer match to the actual measured rainfall rate.
Note that due to the highly convective rain events experienced
in the tropical region, instead of the Z-R parameters of 200 and
1.6 by Marshall and Parmer, the Z-R parameters are 62 and 1.6
for the tropical region. The exponent remains the same whereas
the multiplicative factor is much lower since the rainfall rate in
the tropical region is significantly higher than that in the
temperate and sub-tropical regions.

Since the rainfall rate collected by the rain gauge is at ground
level, whereas the rainfall rate derived from the Radar
reflectivity is an average from the volume scan of a larger area
around the location of the rain gauge, there is always a
difference, as shown in Fig. 1, between the rain gauge measured
rainfall rate and the Radar derived rainfall rate. and scanning
grid that above the rain gauge, that may cause the difference
between the Radar calculated rainfall rate and the rain gauge
measured rainfall rate.
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Fig. 1. Performance of tropical Z-R relationship on the Radar measured rainfall

rate.

B. Performance of Radar’s Rain Attenuation Calculation

Fig. 2 shows the rainfall rate of two heavy rain events on 17
July 2010 and 01 August 2010. Fig. 3 and Fig. 4 show the slant
path rain attenuation of these two heavy rain events. For Fig. 3
and Fig. 4, the three graphs in each figure shows the rain
attenuation measured by the beacon receivers for the slant
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Fig. 2. Rainfall Rate of the Rain Event on 17 July 2010 and 01 August 2010.
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Fig. 3. Rain Attenuation during the Rain Event on 17 July 2010.
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path pointing towards the WINDS, GE23 and ST2 satellites
respectively. On the same graphs, the Radar derived attenuation
based on the tropical region Z-R relationship using (3) and the
Marshall and Parmer Z-R relationship of Z = 200R® is also
plotted.

As shown in Fig. 3 and Fig. 4, the Radar predicted
attenuation can fit well with beacon measured attenuation. The
sampling rate of the beacon and the Radar data sets are 1 second
and 5 minutes respectively. Therefore, more fluctuations can be
seen from the beacon measured rain attenuation as compared to
the Radar derived rain attenuation. The dynamic range of the
WINDS, GE23 and ST2 beacon receivers are 40 dB, 25 dB and
25 dB respectively. Therefore, due to the low elevation angle of
the GE23 satellite (6= 13.1°), the slant propagation path for this
satellite is relatively longer. The attenuation suffered by the
GE23 signal although lower in frequency in the Ku-band, is
comparable to the attenuation suffered by the WINDS signal at

Time (hr)
Fig. 4. Rain Attenuation during the Rain Event on 01 August 2010.

a higher Ka-band frequency (with a shorter slant propagation
path). In most of the rain events, the Marshall-Palmer Z-R can
predict the low rain attenuation very well as compare with
tropical Z-R. This is because, the Marshall-Palmer Z-R is
proposed for low rainfall rate in temperate region, therefore,
predicts low rainfall rates well.

In both rain events shown in Fig. 3 and Fig. 4, the signal
received by the GE23 beacon receiver is beyond the dynamic
range of the system, therefore, the flat line of 25 dB attenuation
are shown between 04:45 hr to 05:50 hr in Fig. 3 and between
05:20 hr to 05:50 hr in Fig. 4. Since the dynamic range of the
Ka-band beacon (WINDS) is higher, there are less or no flat
line periods.

Fig. 5 compares the CDFs statistics of the three beacon
attenuations and their corresponding Radar calculated
attenuations. The difference between the equi-probable
attenuation of beacon and Radar data is less than 3 dB. This
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shows a good match between the beacons measured
attenuations and the Radar derived attenuations using the
tropical region Z-R relationship. However, the Radar derived
attenuation using Marshall and Parmer Z-R relationship tends
to underestimate the beacon measured attenuation.
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Fig. 5. Comparison of the CDFs of beacon measured attenuation and Radar
calculated attenuation.

TABLE 1: ROOT MEAN SQUARE (RMS) ERROR OF MODELS PREDICTED
ATTENUATION WITH BEACON MEASURED ATTENUATION

WINDS IPSTAR 1S 602
Marshall-Palmer Z-R 0.23 0.18 0.33
Tropical Z-R 0.49 0.55 0.81

The statistics of the attenuation difference are calculated
based on the formula in ITU-R Rec. P.311-13 [9]. The numbers
listed in Table 1 are the RMS errors between the model and the
measured data. From this, it can be concluded that the Radar
derived attenuations using the Z-R relationship derived for the
tropical region in (3) can be used for the simulation of rain
attenuations with little or no lost in accuracy as compared with
M-P Z-R relationship.

V. CONCLUSIONS

Weather Radar data collected at Changi weather station in
the year of 2003 and 16 months from May 2010 to August 2011
is used to calculate the earth-space path rain attenuation and
compared with beacon measured attenuation. A tropical Z-R
relationship that suitable for Singapore climate is proposed for
accurate Radar rain attenuation measurements. The comparison
results show the proposed Z-R relationship can be used for the
Radar to calculate the slant path rain attenuation. Similar
approach can be used for the Radar data in other climate.
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