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Abstract—Rain drop size distributions (DSD) are measured with
disdrometers at five different climatic locations in the Indian tropical
region. The distribution of drop size is assumed to be lognormal to
model the rain attenuation in the frequency range of 10-100 GHz. The
rain attenuation is estimated assuming single scattering of spherical
rain drops. Different attenuation characteristics are observed for
different regions due to the dependency of DSD on climatic conditions.
A comparison shows that significant differences between ITU-R model
and DSD derived values occur at high frequency and at high rain rates
for different regions. At frequencies below 30 GHz, the ITU-R model
matches well with the DSD generated values up to 30 mm/h rain rate
but differ above that. The results will be helpful in understanding
the pattern of rain attenuation variation and designing the systems at
EHF bands in the tropical region.

1. INTRODUCTION

Rain attenuation is a major limiting factor above 10 GHz frequency
bands to be used in radio communications. It is also a relevant issue
for space-borne radars for cloud and precipitation characterization.
Although, other forms of hydrometeors (snow, hail etc) also affect
the performance of the system, the attenuation due to rain is most
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severe [1,2]. Rain attenuation modeling is usually done in terms of
drop size distribution (DSD) [1-3]. But, the variability of DSD for
different climatic regions is a major concern, especially for the tropical
region [4], which has a huge diversity in climatic conditions. A few
attempts have been made to characterize the rain attenuation over
this region [4-8]. In the absence of measured attenuation data, DSD
measurements can provide useful information on the variation of the
rain attenuation [4,9, 10].

Rain DSD varies with rain rate as well with the location. Thus
the same rain rate can correspond to different DSDs. Raindrop
size distributions depend on several factors such as rainfall intensity,
circulation system, type of precipitation, wind share, cloud type, etc.
It is thus very difficult to formulate a single DSD model to describe
the actual raindrop size distribution for all location and rain type.
However, it is essential to have a DSD model so that we can model the
attenuation. For attenuation calculation, DSD is normally modeled
with distributions like exponential, gamma [11,12] and lognormal [13].
The suitability of these DSD models has been studied by many
researchers extensively. However, it is found that the 3-parameters
models like lognormal or modified gamma are better suited than the
exponential model. Further, the lognormal distribution is more suited
for the lower end of drop spectrum due to its steeper gradient than
the gamma distribution. From the various studies over tropical region,
it is found that three-parameter lognormal model is suitable for this
region [4,13]. Therefore, in the present study, lognormal model is
considered to be the representative distribution for DSD.

Currently, Indian space Research Organization (ISRO), as a part
of earth-space propagation experiment over India region conducting
ground based measurements at five different geographical locations,
namely, Ahmedabad, Shillong, Trivandrum, Kharagpur and Hassan.
These locations fall in different climatic zones of India with different
rain characteristics. =~ The rain DSD is one of such parameters
being measured. In the absence of actual earth-space propagation
measurements, the attenuation modeling using DSD is attempted.
This study will be helpful for understanding the rain attenuation
characteristics over the Indian tropical region.

2. DATA COLLECTION

2.1. Site Selection

In Table 1, the details of the experimental sites are given. The site
selection has been done keeping in mind the variability of climatic
conditions as stated in Section 1.
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Table 1. Site locations and characteristics.

Annual

. Total NO,' of Lat Long. Measurement  Climatic
Station Name . Rainy o o . ..
Rain d N E Period Condition
ays
(mm)

Shillong 0a 45 0cns Hilly, SW &
(SHL) 24153 128.1 25°34° 91°53 3 Years NE monsoon
Ahmedabad g3 4 358 o304 7238 3Years  Plane, SW

(AHM) monsoon

: Coastal, Plane,
Trivandrum o577 997 0829 76°57 3 Years SW & NE
(TVM) monsoon
Kharagpur o Coastal Plane,
KGP 1641.4 82.2 22°32 8820 2 Years SW & NE
(KGP) monsoon
0~y ona» Plane, SW
Hassan (HAS) 912.8 65.0 13700 76°09 2 Years monsoon

2.2. DSD Measurement

An impact type disdrometer manufactured by Disdromet (RD-80) is
installed at each of the locations. The disdrometer has a sensitive
styrofoam cone connected with a transducer. When a drop strikes the
cone, an electric signal is generated whose amplitude is proportional to
the momentum of the drop. Using the Gunn-Kinzer relation [14], the
drop diameter is estimated from the terminal velocity. It is assumed
that the momentum is entirely due to the terminal fall velocity of the
drops. It is also assumed that the drops are spherical in shape and no
wind motion is present.

It is to be noted that the bigger drops are not spherical in
shape and thus introduce error in the estimation of rain rate and rain
attenuation from the drop size distribution. The discrepancy will be
greater at high rain rates as bigger rain drops are abundant in that
case. However, it was found that the deviation of rain rate calculated
in this way and measured by a collocated raingauge may not be very
severe [15].

The sensitivity of disdrometer surface is very important for proper
measurement. The surface is cleaned regularly and replaced once
in a year. The known sources of error like acoustic noises are kept
minimized by proper installation of the instrument at the roof top of
a building. Another source of error in disdrometer measurement is the
insensitivity for a time period after a bigger drop strikes. This ‘dead
time’ leads to underestimation of the smaller drops that fall within
this period. But, the effects of these smaller drops are less on rain
attenuation and are within 5% error limit [16]. It has much less effect
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on the DSD spectrum except at very low rain rates. So, for the present
study, the dead time correction has not been considered.

The data collected for years 2005-2007 have been used for the
present analysis. An integration time of 30 seconds is used for DSD
measurement. As a precautionary measure, the measurement instances
which have less than 10 drops recorded have been excluded from
the analysis. Cumulative data of all the available years have been
used to model the attenuation. This may be helpful to minimize the
uncertainties in the measurements.

3. ANALYSIS

3.1. DSD Modeling

From the previous studies over tropical regions, it has been observed
that DSD follows the lognormal distribution as mentioned in Section 1.
Therefore, in the present work, the lognormal model is considered to
describe DSD characteristics.

The lognormal distribution function is given as follows [13]

_ Np —0.5(In(D) — u)?
— 70D\/ﬂ exp 2 (1)
3

N(D)

where, N (D) is the number density (in m~3mm~! ), Ny is total number
of drops, D is drop diameter (in mm), o is the standard deviation and
i is the mean of In(D). Np, o and p are rain rate dependent variables.

Various methods are suggested to obtain these parameters [13, 17].
In our approach, we use method of moment technique [4] to estimate
these parameters as they are linearly related to the moments of
measured DSD. It has been reported that 3rd, 4th and 6th moments
are more suitable for estimation of model parameters [13] and are used
here accordingly.

The mathematical relationships of the distribution parameters
with these moments are given as follows:

1
Nr = exp §(24L3 —27L4 + 6L6) (2)
1
n = g(-lOLg + 13.5L4 — 3.5L6) (3)
1
o? = g(2L3 —3L4 + Lg) (4)

Here L3, L4, and Lg are the natural logarithms of 3rd, 4th and 6th
moments respectively.
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After calculating the DSD parameters for the whole observation
period they are modeled in following form

NT = (IRb
p = c+dn(R)
o =e+ fln(R)

()
(6)
(7)

Here, a, b, ¢, d, e and f are parameters of the model and evaluated by
the least squares method. These parameters have some dependency on
the rain climatology, as reported in the literature [13,17]. In estimation
of these parameters, all types of rain have been included at a particular

location.

An example of lognormal model for the measured DSD

between 25-26 mm/h rain fall for different region is shown in Fig. 1.
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Figure 1. Measured and fitted lognormal model at 25-26 mm/h rain
rate for (a) AHM, (b) TVM, (c) KGP, (d) SHL and (e) HAS. The error
bar indicates the 4+ one standard deviation from the mean drop size

concentrations.
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The error bars in the Fig. 1 shows the deviation of measured values of
drop concentration from its mean value by + one standard deviation.

3.2. Rain Attenuation Modeling

In this study, Mie scattering by spherical rain drops is used to calculate
the rain attenuation using data from different locations in tropical
Indian region. Since the emphasis of the study is to understand the
rain attenuation characteristics over different climatic conditions in the
tropical region, the single scattering by spherical rain drops has been
considered.

The polarization independent specific attenuation (A) due to rain
drops is given by the following relation [19]

A(dB/km) = 4.343 x 1073 / Q+(D)N(D)dD (8)
0
where, Q; is the total extinction cross section in mm? and is given by,
p g
Q=5 ; (2n + 1)Refan, + by (9)

where, a,, and b,, are the Mie scattering coefficients, which are complex
functions of drop diameter, wavelength and complex refractive index
of water respectively, and Re denotes the real part [2].

In our approach, Liebe model [20] of complex refractive index of
water, which is a function of temperature, has been used to obtain the
Mie coefficients. The temperature of rainy medium is considered 20°C
in ITU-R model which is suitable for temperate region. In the present
case, the medium temperature is taken to be 30°C which is appropriate
for the tropical Indian region.

The higher rain rates consist of bigger rain drops which are
not strictly spherical. The attenuation will be greater for horizontal
polarization than the vertical polarization as the drops are spheroidal
and elongated in the horizontal direction. The polarization dependent
estimation of rain attenuation can be performed using point matching
technique or T-matrix approach assuming realistic rain drop size
distribution [21,22]. We used the spherical rain drop model with Mie
scattering in our study as the disdrometer measures rain drops and
rain rates assuming spherical drop shape.

4. RESULTS

The experimental data of DSD modeled with lognormal function yield
in five different DSD models for five zones. In Table 2, the modeled
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lognormal DSD parameters are given for these locations. Since these
models are estimated without any rain classification, they essentially

represent the average rain characteristics.

In Figs. 2(a)-2(d), modeled drop size distribution for different
locations with rain rate 10, 25, 50 and 100 mm/h, respectively, have
The drop distributions become broader with increase
in rain rate indicating significant presence of bigger drops at higher

been shown.

Table 2. Modeled lognormal DSD parameters.
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Location N~ I o
AHM | 149.3799R%3467 | —0.1380 4 0.15691n(R) | 0.0625 + 0.0079In(R)
TVM | 176.7605R%3'™ | 0.1934 4 0.16841In(R) | 0.0692 + 0.005 In(R)
SHL 170.3792R%-26 0.1925 + 0.18311n(R) | 0.0738 4 0.0059In(R)
KGP 140.8542R%-2%°* | 0.1417 4 0.17161n(R) | 0.0744 + 0.0064In(R)
HAS 225.9998R%-3041 | 0.2557 + 0.1615In(R) | 0.0683 + 0.0097 In(R)
10" 10*
_ 10 mm/h | ------- AHM . 25 mm/h | -oooee- AHM
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rain rates. It can be also seen that the DSD of different regions are
similar in nature, but not exactly same. The variation of DSD results
in variation in rain attenuation and it has significant effect at higher
rain rates when bigger drops are more abundant.

In Figs. 3(a)-3(d), modeled specific attenuations for these regions
along with ITU-R model [23] have been shown for the frequency range
10-100 GHz for rain rates 10, 25, 50 and 100 mm/h, respectively. It is
to be noted that the ITU-R model is based on the Laws-Parsons DSD,
which may not be appropriate for the tropical region [4].

It can be seen from the Fig. 3 that the rain attenuation
increases with frequency up to around 100 GHz and decreases at higher
frequencies. It is observed that the specific attenuation for each site is
more or less matching with I'TU-R predicted value in the frequency
range 10-50 GHz. However, the discrepancy starts increasing with
increasing frequency and rain rate.

Among the different locations, HAS shows the maximum specific
attenuation and KGP shows the minimum specific attenuation values

10 mm/h

>
I
=
Specific Attenuation (dB/km)

Specific Attenuation (dB/km)
o - N w £ (o] o ~ (o]

20 40 60 80 100 20 40 60 80 100
Frequency (GHz) Frequency (GHz)

@ (b)

Specific Attenuation (dB/km)
Specific Attenuation (dB/km)

20 40 60 80 100 20 40 60 80 100
Frequency (GHz) Frequency (GHz)
© (d)

Figure 3. Specific attenuation for different locations with frequency at
rain rate (a) 10mm/h, (b) 25mm/h, (¢) 50mm/h and (d) 100 mm/h.
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at all the frequencies. It is also observed from Fig. 3 that the
ITU-R model is underestimating for HAS, AHM and TVM while
overestimating for KGP and SHL at lower rain rates (10, 25 and
50mm/h) in frequency range 40-80 GHz. At higher rain rate
(100mm/h), the ITU-R model is overestimating for almost all sites
over the entire frequency range. This deviation is most severe for SHL
and KGP and minimum for HAS.

The difference between the I'TU-R model and local DSD generated
attenuation values increases with increase in rain rates indicating a
mismatch between the observed DSD and Laws-Person model of DSD.
It is well anticipated since the ITU-R model is developed mainly using
the data from the temperate region [1,2], where rain characteristics
are different from that of tropical region.

It is also to be noted that the differences in attenuation values
at different locations are quite significant at frequencies greater
than 40 GHz. The differences between these locations are minimum
for 10mm/h and maximum for 100 mm/h indicating that the rain
attenuation becomes more sensitive to variation of DSD at higher rain
rates.

It can be observed that KGP and SHL show similar attenuation
characteristics whereas AHM and TVM show some similarity. The
rain attenuation at HAS is always higher than that at other locations.
The reason may be due to the different topography and atmospheric
conditions in different sites which leads to the different drop formation.
The tropical rainfall is often characterized by heavy rainfall during
the monsoon period. As the high rain rates are normally due
to the convective rain and the local climate is mainly responsible
for convection process, the different locations are expected to show

25 25
_______ HAS 20.2 GHz 30.5 GHz

20 20

Specific Attenuation (dB/km)
5
c
X

Specific Attenuation (dB/km)

0 50 100 150 0 50 100 150
Rain Rate (mm/h) Rain Rate (mm/h)

(a) (b)

Figure 4. Specific Attenuation value calculated using model for
different locations at (a) 20.2 GHz and (b) 30.5 GHz.
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different attenuation characteristics at higher rain rates. The results
indicate a strong impact of local climate on drop formation process as
well as the relationship with meso-scale weather. Although the sites
are all in tropical region, they still show marked differences. It can
thus be appropriate to measure and model DSD separately for each
zone.

To get an idea about the location dependency of rain attenuation,
the values of specific attenuation at different rain rates have been
calculated. In Fig. 4, the variation of specific rain attenuation with
rain rate from the lognormal model is given at frequencies 20.2 GHz and
30.5 GHz. These frequencies are possible choices for Ka band downlink
and uplink for satellite communications. The model estimation shows
that above 30mm/h rain rate, rain attenuation is overestimated by

Table 3. Coefficients for specific attenuation calculation.

SHL AHM TVM
f (GHz) k o k e k @

10 0.01115 | 1.199 | 0.0081 | 1.249 | 0.0057 | 1.316

20 0.1329 | 0.9289 | 0.1204 | 0.9557 | 0.1106 | 0.9723
30 0.3385 | 0.8492 | 0.2932 | 0.8922 | 0.2625 | 0.9169
40 0.7221 | 0.7414 | 0.6262 | 0.7934 | 0.569 | 0.8182
50 1.093 0.6717 | 0.9788 | 0.7224 | 0.9404 | 0.7361
60 1.319 0.6366 | 1.214 | 0.6838 | 1.227 | 0.6865
70 1.423 0.6209 | 1.329 0.666 1.385 | 0.6615
80 1.464 0.6141 | 1.373 | 0.6586 | 1.453 | 0.6506
90 1.477 0.611 1.386 | 0.6555 | 1.476 | 0.6462
100 1.476 0.6095 | 1.386 0.654 1.479 | 0.6442

KGP HAS ITU-R
f (GHz) k a k « k !

10 0.0116 1.193 | 0.0060 | 1.289 | 0.0117 | 1.2371
20 0.1304 | 0.9328 | 0.1082 | 0.9686 | 0.0938 | 1.0198
30 0.3241 | 0.8577 | 0.2691 | 0.9036 | 0.2347 | 0.9311
40 0.6719 | 0.7557 | 0.5778 | 0.8099 | 0.4352 | 0.8549
50 1.003 0.6888 | 0.9622 | 0.7313 | 0.6536 | 0.7978
60 1.203 0.6548 1.29 0.6799 | 0.8560 | 0.7571
70 1.296 0.6394 | 1.502 | 0.6508 | 1.0284 | 0.7280
80 1.332 0.6329 | 1.614 | 0.6361 | 1.1686 | 0.7068
90 1.342 0.6299 | 1.661 | 0.6292 | 1.2801 | 0.6910
100 1.341 0.6285 | 1.676 | 0.6259 | 1.3675 | 0.6789
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ITU-R model for all these sites at 20.2 GHz. It is also observed that
the deviation is more at 20.2 GHz than at 30.5 GHz frequency and the
discrepancy is more for higher rain rates. The variation of specific
attenuation among the sites is within the range of 3 dB/km.

It is useful to estimate the direct relationship between rain fall
rate and the rain attenuation. Normally, a power-law relationship of
the following form has been considered for such purpose.

A=kR® (10)

where k£ and « are constants.

From the regression analysis of the modeled attenuation with the
rain rate, these constants are determined for different locations and
different frequencies. In Table 3, the values obtained for K and « are
given.

The measured rain rate exceedance plot has been given for these
sites in Fig. 5. From the plot, in general, it can be seen that
occurrences of rain are quite high over India compared to the temperate
regions indicating the probable high rain outage for the communication
systems operating at EHF band over India. The measured and I'TU-
R model generated rain exceedances of 0.01% time of a year at
different locations are shown in Table 4. It can be observed from
the table that ITU-R model [24] generated exceedances are not good
representatives of the measured exceedances and may not be a proper
choice for estimation of probable rain attenuation in Indian region.
This emphasizes the need of actual measurements of DSD at different
locations in India for modeling of rain attenuation.

% 10° Y, Station | Measured | ITU-R
g Name (mm/h) | (mm/h)
s SHL 76 84.83

E AHM 79 54

s TVM 67 93.33

2 KGP 86 84.67

- T TS HAS 57 75.94

Rain Rate (mm/h)

Figure 5. Rain rate exceedance Table 4. Rain rate exceedance
probability for different locations. of 0.01% probability level.
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5. CONCLUSION

The DSD modeling in terms of lognormal function has been carried out
to estimate the rain attenuation at different places in Indian region in
the frequency range of 10-100 GHz. Results show that there is a strong
variability of specific rain attenuation at different locations at higher
rain rates. DSD is found to depend strongly upon local climate of
the different locations in the Indian region. It also comes out from
the analysis that the ITU-R model overestimates rain attenuation at
frequencies above 30 GHz at all rain rates over the Indian region. At
smaller rain rates and in the frequency range 10-30 GHz, the ITU-R
model performs well. It is found that for higher rain rates, specific
attenuation values vary significantly at different locations and also
differ from the I'TU-R model. It is also observed that the specific
rain attenuation is minimum for KGP and maximum for HAS. The
results will be helpful in understanding rain attenuation variation and
designing communication systems at EHF bands in the Indian regions.
The study also indicates the need of actual measurement of DSD for
different climatic zones.
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