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A B S T R A C T

The attenuation of electromagnetic waves due to rainfall is a critical factor in radar and telecommunication 
systems, particularly in frequency bands above 10 GHz, which is increasingly utilised for data transfer. This study 
addresses the gaps in understanding how these attenuation effects vary across different rainfall intensities and 
Drop Size Distributions (DSD). By analytically investigating the irregularities in the cross-sections of raindrops 
within the 1 to 30 GHz frequency range, the study mentions significant peaks in attenuation at frequencies below 
10 GHz, which are more pronounced as DSD changes with rainfall intensity. Using the extinction and efficiency 
cross-sections of raindrops in 1–30 GHz microwave transmission, the coefficients of rainfall-attenuation corre
lation were derived for each sector of rainfall intensity of 1–300 mm/hr. Building on these findings, we propose 
an enhanced rainfall-attenuation relationship, incorporating dynamic coefficients, varying with both factors, 
DSD and rainfall intensity. Unlike previous models that only suggest calibration of the attenuation-rainfall 
relationship with DSD, our results indicate that the coefficients should also dynamically adjust based on rain
fall intensity. We further demonstrate how these varying coefficients differ from the ITU’s recommendations, 
providing detailed graphical comparisons. This advancement allows for more accurate calculations of rainfall 
intensity, improving the precision of telecommunication and radar systems in diverse weather conditions.

1. Introduction

Radio waves have been used for telecommunication for more than a 
century [1]. However, the primary focus on atmospheric effects, 
particularly rainfall, on microwave propagation, is raised only after 
World War II [1–3]. Weather meteors such as raindrops, snow folks, and 
water vapour can diminish the power of electromagnetic (EM) waves 
[4]. Therefore, the intensity of precipitation directly impacts the 
attenuation of the EM waves and the stability of the connection.

While these guidelines help ensure minimal signal interruption [5] a 
simple power correlation between rainfall intensity and attenuation is 
often used to measure the attenuation of EM waves in a rain event [6,7] 
The equation is usually presented as [8]: 

γR = kRα (1) 

where γR is the specific attenuation (dB/km), R is the rainfall rate (mm/ 
hr), and k and α are constants that are determined as functions of 
frequency.

On the other hand, the reverse correlation can also be implemented 
to estimate the rainfall intensity using the attenuation from microwave 
links: 

R = aAb (2) 

Where A is attenuation and a and b are constants.
By the application of the rainfall-attenuation relationship, micro

wave links were used for rainfall intensity monitoring in the late 1990s 
and early 2000s, [9–12]. In addition, Commercial Microwave Links 
(CMLs) with frequencies above 18 GHz are used as rain gauges in Israel 
and the Netherlands [13–15].

These equations have undergone revision and adjustment in recent 
years across many countries, from the Netherlands and Israel to other 
European nations, as well as Australia and Brazil [16]. Adjustments 
range from identifying local correlations and classifying dry and wet 
periods to establishing the baseline of the microwave signal, correcting 
for wet antenna effects, and mapping rainfall [16].

Typically, a unique A-R correlation is applied to a given area of 
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study, based on recommendations, previous research, or local calibra
tion. However, there are concerns about the accuracy of such correla
tions, as they are influenced by various factors.

The Eq. (2) is structured based on the effects of all raindrops on the 
microwave signal. Therefore, the total attenuation of EM waves passing 
through a rainfall event is dependent on Drop Size Distributions (DSD) 
[17–20]. DSD describes the statistical characteristics of the size of 
raindrops [21,22] and determines the average number of each size of 
raindrops during the rainfall event. In practice, exponential, gamma or 
log-normal distributions are the most common forms of DSD [23]. DSD 
curves show that the number of larger drops increases in heavier rain
falls [24–28].

Wave attenuation is the result of interaction between the targets, 
raindrops here, and the radiation. This interaction depends on the size of 
the drops or DSD patterns and could be described with the concept of 
scattering cross-section (C) [29]. The absorbed wave also describes the 
absorption cross-sections.

Since each location has its own unique DSD, Eq. (1) and Eq. (2) need 
to be calibrated with local constants. Improved adoption has been 
observed by adjusting Eq. (2) based on local DSD data [30,31]. Some 
studies also show that using ITU recommendations [8] for a and b 
constants of the attenuation-rainfall relationship can produce significant 
errors when the local DSD data is not applied [32].

On the other hand, DSD changes with rainfall intensity that means 
the number of raindrops in each size varies by rainfall intensity. 
Therefore, the coefficients α and k In Eq. (1) and a and b in Eq. (2) are 
dependent on the variation of attenuation in different rainfall in
tensities. However, the calibration only applies to the general local DSD 
and they do not change when the rainfall intensity changes.

The power-law relationship used for converting signal attenuation to 
rainfall does not account for variations in DSD and temperature, which 
can lead to significant errors in measurement [33]. Errors in microwave 
link rainfall estimates are influenced by spatial variations in DSD, 
indicating that a one-size-fits-all approach using constant coefficients 
may not be appropriate [30]. Another study also shows that un
certainties in rainfall maps derived from microwave links stem from 
various factors, including the sampling intervals and the inherent vari
ability in rainfall characteristics [34].

In a rainfall radar study, underestimated peak rainfall intensity from 
44 % to 67 % is discussed as a result of a fixed Z-R relationship, which 
does not account for natural variations in raindrop size distribution with 
varying rainfall intensity [35]. The radar reflectivity factor (Z) is the sum 
of the sixth power of each hydrometeor’s diameter, calculated for all 
hydrometeors within a unit volume [36]. The radar reflectivity factor is 
a feature of the recipient objects and depends on DSD [37]. Therefore, 
weather radars use a similar relationship to the rainfall-attenuation, 
between the reflectivity of the microwave signal and rainfall intensity 
which inherently depends on rainfall intensity.

In this study, we aimed to address this gap by showing the effects of 
considering a varying rainfall rate in the rainfall-attenuation relation
ship. Finding those effects requires calculating attenuation for different 
rainfall rates and finding the best correlation in each range of rainfall 
intensity. A dataset which provides a precise number of droplets needs a 
rainfall measurement with disdrometers. Some studies have recorded 
rainfall intensity and attenuation of a microwave link in a setup in the 
Netherlands [38–40] and Australia [41] However, finding specific co
efficients for different rainfall intensities in A-R relationship needs a 
classification of rainfall rates and the corresponding attenuation rate. 
This relationship is usually affected by other factors, like wind, tem
perature, and humidity which are not under control. Therefore, this 
research focused on an analytical study of attenuation and rainfall in
tensity and establishing the correlation between them.

In this study, analytical analysis of rainfall is established by finding 
the total number of each size of raindrops at a time. Attenuation is a 
result of extinction efficiency on all the raindrops in the electrical field of 
the microwave signal. Therefore, the study includes the calculation of 

extinction and efficiency cross-sections for a range of raindrop sizes 
across the 1 to 30 GHz frequency range. Then, the results are used to 
establish a relationship between attenuation and rainfall intensity, 
ranging 1 to 300 mm/hr, and find the correlation coefficients. The study 
particularly focuses on frequencies below 10 GHz, where previous 
literature has been limited.

The reason for paying attention to this range of frequencies is the 
importance of them in telecommunication area. More microwave links 
are available in lower frequencies. However, the attenuation in the 
frequencies from 1 to 3 GHz, which are commonly used between cell 
phones and Base Transceiver Station (BTS), is reported to be too low for 
rainfall monitoring [42–44]. There are also recommendations by some 
studies to use particular frequencies, such as above 5 GHz [45], 6 GHz 
[8], and 10 GHz [46], which are more suitable for measuring rainfall 
intensity and volume.

A few studies showed a detectable range for attenuation in lower 
frequencies to be used in attenuation-rainfall rate relationships [47]. 
However, the microwave link is recommended to be longer than 15 km 
and the quantisation step finer than 0.02 dB [48]. It is also reported that 
a decrease in frequency to lower than 10 GHz increases the average error 
of estimating rainfall [19]. In addition, some more recent studies suggest 
that the frequencies above 30 GHz correlate better with ground rainfall 
monitoring than the lower frequencies [49,50].

Therefore, suggesting a more precise correlation for A-R for lower 
frequencies can help to apply the method for a higher number of mi
crowave links. Looking for more precise coefficients and correlations, 
this study tried to analyse the variation of scattering cross-sections to 
detect the variation of attenuation of microwaves particularly below 10 
GHz frequency and in different rainfall intensities. Considering the 
selected range is the most commonly used frequency band in cell phone 
telecommunication networks, including 3 G, 4 G, and 5 G generations 
[51,52] this paper explores the unfulfilled potential and limitation of 
using a lower frequency range from 1 to 10 GHz for rainfall monitoring.

2. Methods and results

2.1. Scattering approximations

James Clerk Maxwell was the first to formulate EM waves’ funda
mentals in the 19th century [53]. Later, Waterman [54] solved Max
well’s equations for scattering light by non-spherical particles and 
introduced the “T-matrix” approach [55]. Scattering theories, such as 
Mie and Rayleigh scattering, were developed to solve these equations for 
waves interacting with particles within a space [56–58]. These theories 
allow for calculating the impact of particles on microwave signals using 
scattering cross-sections.

Rayleigh scattering region applies when the particle with the radius r 
and refractive index n is electrically small (2πr/λ ≪ 1) [59]. Mie scat
tering is applicable for particles with a reasonably big enough size to be 
independent of the wavelength [60], with a diameter equal to or larger 
than the wavelength. The scattering cross-section thus more depends on 
the relative size of the particle to the wavelength and angle of radiation 
meaning it is linked to the particle’s volume [61].

Raindrop size is constrained by air resistance, with drops larger than 
6 mm becoming unstable and splitting due to drag forces [62–66]. 
Smaller drops in the range of 0.2 to 0.5 mm in diameter are assumed to 
drizzle [67]. Additionally, the shape of raindrops evolves as they grow, 
transitioning from spherical to more flattened forms [59,68,69]. These 
size and shape characteristics influence scattering behaviour and, 
consequently, the overall attenuation of microwaves in rainfall.

Raindrops scatter a portion of the power of the irradiance into all 
directions. While defining the exact size and shape of raindrops im
proves the approximation of the attenuation, the scattering cross-section 
for a wavelength of λ and particle size of r is [70]: 
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Csca(λ, r) =
Wsca

I
(3) 

where Csca is the scattering cross-section (m2), Wsca is the amount of 
power that is scattered (W), and I is the irradiance (Wm− 2). The scat
tering efficiency (Qsca), is the ratio of the scattering cross-section to the 
geometric cross-section [70]: 

Qsca(λ, r) =
Csca

A
(4) 

where, Qsca the scattering efficiency (dimensionless), and A is the 
geometrical cross-section (m2). The energy scattered (F̃sca) or absorbed 
by a particle (F̃abs) is proportional to the incident energy [71]: 

F̃sca = CscaF0 (5) 

F̃abs = CabsF0 (6) 

where F0 is the incident intensity of the radiation, F̃sca and F̃abs are 
scattered and absorbed intensities, and Cabs is the absorption cross- 
section. Therefore, the particle size and its proportion to the wave
length are the main ruling criteria in scattering theories.

Finally the total attenuation can be calculated from the extinction 
efficiency as [72]: 

A = 4.343
∫∞

0

N(D)Qext(D, λ,m)dD (7) 

where N is the number density of drops with diameter D or concentra
tion of droplets within a given volume, Qext is the extinction efficiency 
which depends on, diameter (D), frequency (λ), and the complex 
refraction coefficient of raindrops (m) and dD is the drop diameter 
interval.

Therefore, in a rainfall event, a combination of DSD and the scat
tering/absorption cross-section of water drops in the air is implemented 
to predict rainfall attenuation [73,74]. The total attenuation between 
two antennas summarises all drops’ effects on the wave by their corre
sponding cross-section [19,20].

For this study, two software packages, MiePlot [75] and COMSOL 
[76] were used to calculate the scattering and absorption cross-sections 
of raindrops across various microwave frequencies. These calculations 
allow for the analysis of how individual droplet sizes affect specific wave 
frequencies and assess the cumulative impact of all droplets.

For simplification, raindrops are assumed to be spherical in this 
study. This assumption enables direct comparison with previous studies, 
as Mishchenko [55] demonstrated that the T-matrix method reduces to 
Mie scattering theory for spherical particles.

Droplet diameters ranging from 1 mm to 10 mm were selected for 
Mie scattering calculations. The upper limit exceeds typical raindrop 
sizes to provide insights into the behavior of scattering cross-sections at 
lower frequencies. Droplets smaller than 1 mm were excluded due to 
their negligible contribution to the cross-sections, optimising computa
tional time and efficiency.

Extinction cross-section and efficiency were calculated for the fre
quencies between 1 and 30 GHz. This is the microwave range where 
precipitation and gas absorption can cause problems especially at the 
higher end and over longer distances [77]. This frequency band is 
crucial for telecommunications [78,79].

Regarding the application of EM waves in telecommunication, pre
vious studies have calculated cross-sections for droplets in frequencies 
above 10 GHz. For example, studies have been carried out for a range of 
10 to 100 GHz [80], or some specific frequencies like 10, 30, and 120 
GHz in one study [43] and 30, 60, and 120 GHz in another study [42]. A 
single 34.8 GHz frequency [81] is also getting more attention due to a 
higher application for communication purposes. However, the 

frequencies, which are lower than the recommendations for rainfall 
measurements [8] [45,46], are largely ignored in the literature in this 
regard. Limited studies focused on frequency ranges as low as 0.6 GHz 
[82] and 1 GHz [83]. However, they focused on specific frequencies, not 
the entire range. As a result, the lower frequency spectrum remains less 
explored for rainfall attenuation.

Looking for a detailed study of cross-sections in microwave range, 
Mie scattering was utilised through MiePlot software to calculate 
extinction efficiency (Qext) to detect the effects of individual drops 
confronting waves. Fig. 1 shows changes in extinction efficiency (Qext) in 
this range of diameter against different frequencies.

In frequencies 1 to 3 GHz, Qext remains relatively low, indicating 
minimal impact on the wave by raindrop-sized droplets. However, in 
frequencies above 4 GHz, Qext increases gradually by increasing the 
frequency. Also, a contradiction could be observed in the form of a 
particular peak that appears at 4 GHz in around 8 mm drops and slide 
towards 3.5 mm diameter drops at 10 GHz. The peak flattens in 20 GHz 
and 30 GHz.

2.2. The effects of the complex refractive index

The refractive index is related to the change of velocity of electro
magnetic waves in a medium regarding a vacuum [84]. The refractive 
indices of meteors are composed of a real and an imaginary part. The 
real part of the refractive index refers to the scattering wave, while the 
imaginary part is related to the absorption by the material [84–86]. The 
refractive index also varies by changing frequency [87].

At the next step, the wave propagation is simulated with only the real 
part of the refractive index to see what happens when the microwave 
hits the drop. This simulation, therefore, distinguishes some special ef
fects of wave number on scattering patterns inside and around a droplet. 
As a result, when the ratio of wavelength to the drop diameter varies, 
some unique patterns of wave propagation appear in the electric field of 
the mediums of air and the particle.

In these simulations, the absorption part in wave propagation is set 
aside by assuming the imaginary part of the refractive index in MiePlot 
equal to zero. Then, calculations are applied for the same frequencies in 
Fig. 1 for calculating Cext. The results are presented in Fig. 2 with the (R) 
curve for only the real part of the refractive index and the (R&I) curve 
for calculations using a refractive index including the real and the 
imaginary parts together.

In comparison with Qext curves and considering Eq. (4), peaks 
disappear at 8 GHz and above. Fig. 2 illustrates that the smooth peaks in 
frequencies of 4 to 8 GHz in the (R&I) curve turn to sharp peaks in the 
(R) curve, which is scattering without absorption. For example, at 5 GHz 
and (R&I) line, a drop diameter of 7.18 mm shows a peak Cext of 65.1 
mm2. In the (R) graph, this smooth peak appears in a sharp peak of 1680 
mm2 in a 6.89 mm diameter drop.

The value of Cext peaks decrease in higher frequencies at the R graph. 
The high rates fall to 839 mm2 at 7 GHz and 505 mm2 at 10 GHz. The 
peaks at 20 and 30 GHz are around 200 to 400 mm2. However, they 
appear more frequently in more drops in the range of raindrops 
diameter.

While the imaginary part of the refractive index is omitted in simu
lating waves, the sharp peaks in scattering cross-sections generate some 
unique situations in wave scattering, refraction, and reflection. At the 
next stage, visualising the simulation of wave equations can display the 
patterns of electric field and hence the wave propagation inside and 
around the drops.

2.3. Numerical solution of Maxwell equations

For comparison, the Maxwell equations are solved to show the 
scattering patterns of electromagnetic waves confronting raindrops by 
focusing and emphasising their sizes. The solution was achieved using 
COMSOL Multiphysics, a comprehensive simulation software 
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environment for a wide range of applications [76]. COMSOL simulations 
can illustrate the wave pattern inside and around a drop. Unlike the 
scattering-approximations approach, solving the Maxwell equations 
calculate electric and magnetic fields for space points in time steps and 
describes the spreading of the electromagnetic wave [88]. Therefore, the 
electromagnetic field change inside and around the droplets could be 
observed instead of a black-box simulation.

2.4. Cross-section calculations in COMSOL

Simulations of drops and electromagnetic waves are carried out 
using the radio frequency module and the frequency domain. In the first 
step, the imaginary part of the complex refractive index is set to zero for 
the electric field displacement model to solve the wave equation. Then, 

the three-dimensional simulation is set up with a water drop in a 
spherical space surrounded by a perfectly matched layer [89,90] Fig. 3
shows the simulation setup and mesh in COMSOL. The drop and sur
roundings and technical details followed the method used by 
Garcia-Etxarri [89].

In this model, the mathematical relations calculate scattering and 
absorption cross-sections through the power of the wave and the 
diameter of the drops. The absorption cross-section (Cabs) indicates the 
amount of the absorbed incident wave and is defined as: 

Cabs =
1
I0

∫

v

d3xQ (8) 

where the integral is calculated over the droplet volume and Q is the 

Fig. 1. Extinction efficiency of different diameters of water drops in frequencies 1 to 10 GHz, 20 GHz, and 30 GHz using MiePlot.
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power loss density in the particle. d is drop diameter and I0 is the inci
dent energy. The scattering cross-section (Csca) describes the amount of 
the wave, scattered away on the droplet and is defined as: 

Csca =
1
I0

∫

s

d2xn⋅Ssca (9) 

where n is the normal vector pointing outwards normal to the droplet 
and Ssca is the pointing vector. The extinction cross-section determines 
the lost wave and is given by the sum of the absorption and scattering 
cross-section: 

Cext = Cabs + Csca (10) 

The COMSOL simulation results cross-section in the same range as 
MiePlot, either with or without the imaginary part of the refractive 
index. Further steps in analysing the propagation of microwaves among 
droplets could simulate the dynamic behaviour of microwaves con
fronting a droplet. The setup in COMSOL with a time-dependant radi
ofrequency module is used to display how the drop size affects the wave 
when the wave enters and exits a droplet.

2.5. Illustration of scattering waves in COMSOL

Simulating the electric field surrounding a raindrop can show how 
various diameters of a raindrop impact wave propagation differently. 
Therefore, raindrop diameters are altered from 1 mm to 10 mm in 

Fig. 2. Extinction cross-sections calculated, (R&I): with the real and the imaginary part of the refractive index, (R): with the real part and zero imaginary part 
(using MiePlot).
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increments of 0.1 mm to simulate the electric field surrounding a rain
drop and estimate the scattering cross-section curves previously shown 
in Fig. 2.

The electric field simulated in COMSOL Shows the same trends, 
similar to the curves of cross-sections calculated by MiePlot. The electric 
field inside the drops shows an increase in particular diameters which 
shows a peak in the extinction cross-section.

Fig. 4 shows the 3D simulations of the electric field in a 2D section 
with no imaginary part of the refractive index. For each frequency, the 
drops which show a peak in cross-section, compared to a few smaller and 
larger drops. For example, in the first row, in the frequency of 5 GHz, the 
maximum electric field occurs in a droplet with a 6.9 mm diameter, 
similar to MiePlot in Fig. 2. Likewise, at 7 GHz, the maximum electric 
field occurs in droplets with around 5.0 mm and 7.2 mm diameters, 
which validates the MiePlot findings.

Also, a Fast Fourier Transform (FFT) is added to the frequency 

domain to observe the electric field variation. The simulation in a 
picosecond time frame is carried out for a 5 mm droplet to focus on 
electric field changes when the droplet confronts a 7 GHz electromag
netic wave and the results as an electric field are shown in Fig. 5. Each 
timestep shows how the wave penetrates the droplet and how different 
amounts of reflection and refraction occur on the inner and outer walls 
of the droplet.

The dark red colour inside the drop, in time steps 45 and 50 ps, 
demonstrates the concentrated electric field in the droplet due to the 
repetitive reflection of the wave on the inner walls of the droplet before 
exiting the droplet.

2.6. Analysing the impact of cross-section variations on rainfall 
calculation

The cross-section variations indicate that microwave signals at 

Fig. 3. Left: The sphere inside as a water drop and the sphere around for perfectly matched layer in COMSOL, Right: Simulation mesh for two spheres

Fig. 4. The electric field simulation inside and around the drops, from top to bottom, one peak in 5 GHz frequency, appears in 6.9 mm diameter, and two peaks in 7 
GHz frequency appear in 5.0 mm and 7.2 mm diameters.
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various frequencies exhibit distinct behaviours when traversing through 
raindrops. This discrepancy arises from the varied responses of each 
raindrop size to the signal mixing with the different raindrop size dis
tribution in different rainfall intensities. Consequently, regarding the 
cross-section analysis and extinction calculations across different fre
quencies, it is anticipated observing diverse correlations between 
attenuation and rainfall.

According to various hypothetical drop size distributions (DSD) it is 
possible to analyse the total attenuation resulting from any rainfall in
tensity. The combination of DSD from rainfall intensity and cross-section 
values for each frequency and drop size, results in the total attenuation 
for the rainfall intensity.

The amount of rainfall is the sum of all drops falls on a surface at one 
moment: 

R =
∑Dmax

Dmin

ν(Di)N(Di)V(Di) (11) 

where R is rainfall rate, D is the diameter of the raindrop, ν(Di) is rain
drop velocity, N(Di) is drops size distribution (or number of each size of 
drops), and ν(Di) is the volume of the raindrop.

Now, combining Eq. (11) with Eq. (7) and applying them to Eq. (1)
results in different coefficients of the power law for each frequency. The 
different coefficients of Eq. (1) are calculated by International Tele
communication Union recommendations P-838.3 [8]. The constants are 

suggested for horizontal and vertical polarised signals. The constants are 
kH and αH for Horizontal polarisation and kV and αV for vertical 
polarisation.

Fig. 6 and Fig. 7 show the k and α variations in Eq. (1) for frequency 

Fig. 5. Electric field inside and around a 5 mm diameter droplet in time steps 10 to 85 picoseconds with a 7 GHz wave. (Imaginary part of refractive index = 0).

Fig. 6. k coefficient in Eq. (1) for horizontal and vertical polarisations. (re
generated from [8]).
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range of 1 to 30 GHz, generated from ITU-R P-838.3 [8].
Combination of Eq. (7), Eq. (11), and Eq. (2) results: 

R = a

⎛

⎝4.343
∫∞

0

N(D)Qt(D, λ,m)dD

⎞

⎠

b

(12) 

Various rainfall intensities yield different N(D) values which cause 
different attenuation rates. Knowing rainfall and attenuation, the con
stants a and b can be derived and calibrated for real conditions. It is 
important to note that these coefficients are dependent upon the in
tensity of rainfall.

Analysis needs to define a model for drop size distribution. There are 
different drop size distribution models suggested to calculate N(D). 
Marshall and Palmer distribution is one of the first DSD models widely 
used and investigated in rainfall research, derived through the fitting of 
empirical data obtained in Ottawa, Canada, in 1946 [65]. Better dis
tributions are suggested for the raindrop size distribution based on 
Gamma distribution [73] and Weibull distribution, like Sekine-Lind 
model [91].

The Marshall-Palmer model also known for its simplicity and struc
ture, is better for representing raindrop size distribution in light to 
moderate rainfall. In contrast, the Sekine-Lind model, with its multiple 
parameters, offers a more detailed and flexible representation of DSD, 
capable of capturing complex rainfall characteristics across various 
conditions.

Gamma DSD models are more commonly used compared to the 
Weibull model, but they have fewer parameters and are likely less 
sensitive to variations in rainfall intensity. While Weibull and Log- 
Normal distributions can capture the lower number of small drops, 
Gamma and exponential distributions are less effective in modelling the 
variation in this range. Notably, the Weibull model can resemble the 
Gamma model when the appropriate coefficients are selected.

Therefore, in this study, the Marshall-Palmer and Sekine-Lind 
models were chosen to represent the minimum and maximum influ
ence of rainfall intensity variation, which aligns with the study’s 
objective to detect these effects.

For calculating attenuation and the Rainfall-Attenuation relation
ship, droplets ranging from 0.2 mm to 11 mm with 0.2 mm intervals 
were modelled in COMSOL. These intervals were chosen to minimize 
simulation time, given the limitations of available computational re
sources. To ensure accuracy and check for any irregularities or potential 
peaks that might not be captured by COMSOL, we also generated output 
in MiePlot for droplets ranging from 0.2 mm to 12 mm with increments 
from 0.0025 to 0.03 mm. MiePlot results showed no unexpected peaks 

beyond those observed in COMSOL. The size range used in COMSOL 
aligns with the actual range of raindrop sizes in DSD models, allowing us 
to generate rainfall intensities between 1 and 300 mm/hr.

DSD models generate some values for N(D). A sequence of N(D) 
values is calculated to investigate the influence of variations in rainfall 
intensity. To find the coefficients, Eq. (11) is used to relate rainfall in
tensity to DSD. Then, Eq. (7) is used to produce attenuation for that 
rainfall intensity. In the next step, a series of attenuation-rainfall values 
in the range of ±10mm/hr selected to stablish the A-R correlation to 
ascertain the constants a and b.

Fig. 8 displays the outcomes of b calculations derived from the 
rainfall-attenuation correlation (Eq. (2)), resolved for various rainfall 
intensities using a Marshall-Palmer drop size distribution (DSD). Fig. 9 is 
the same calculations using a Sekine-Lind distribution. The dotted and 
dashed lines in these graphs represent ITU P-838.3 recommendations 
[8] for horizontal and vertical polarisations respectively. bH and bV are 
calculated by substituting αH and αV from Eq. (1) and Eq. (2). Ten blue 
lines depict the variations in b for rainfall intensities between 1 and 300 
mm/hr in steps of 20 mm/hr solved for each DSD model with spherical 
raindrops. Therefore, the 100 mm/hr curve is related to calculating DSD 
for rainfall intensities between 90 and 110 mm/hr while the 200 mm/hr 
curve is for calculating DSD from 190 to 210 mm/hr.

Rainfall intensities above 300 mm/hr are considered extremely rare 
and are typically regarded as unrealistic in hydrological studies.

As depicted in results, the drop size distribution significantly impacts 
the b values. In Fig. 8, b values fall within the ITU recommendation 
range for rainfall intensities between 20 and 30 mm/hr at frequencies 
higher than 10 GHz and rainfall intensities between 30 and 300 mm/hr 
in frequencies <4 GHz. However, b values surpass the ITU recommen
dations at frequencies higher than 10 GHz and rainfall intensities higher 
than 30 mm/hr.

In Fig. 9 with Sekine-Lind model, the b values are consistently lower 
than the ITU recommendations in frequencies <25 GHz. A significant 
change is decreasing b with increasing rainfall intensity in frequencies 
lower than 5 GHz which changes to an increasing b in higher fre
quencies. rainfall

The least variation in b occurs in the frequencies 15 and 1 GHz. In 
both distributions, b generally decreases with increasing rainfall in
tensities at frequencies below 5 GHz, while at higher frequencies, b in
creases with rising rainfall intensities.

The other coefficients are αH and αV in Eq. (1) which is correlated 
with aH and aV in Eq. (2) which are simply the reverse of each other. 
Fig. 10 and Fig. 11 present the coefficients αH and αV in Eq. (1) as rec
ommended by ITU [8] and as calculated for different rainfall intensities 
from Eq. (1), Eq. (7), and Eq. (11) for different DSD models.

Fig. 10 uses the Marshall-Palmer model for DSD. The variation of α 
for spherical drops is limited to 0.4. α increases by increasing rainfall 

Fig. 7. Alpha coefficient in Eq. (1) for horizontal and vertical polarisations. 
(regenerated from [8]).

Fig. 8. bH and bV derived from ITU P-838.3 recommendation and b for 
attenuation-rainfall power law with spherical rain drops and Marshall-Palmer 
drop size distribution.
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intensity at frequencies <5 GHz while decreasing at higher frequencies.
In Fig. 11 the same calculations are conducted using the Sekine-Lind 

model. The variation in α is greater here. Like the Marshall-Palmer 
model, the variation trends are different below and above 5 GHz. 
However, the range of changes in the Sekine-Lind model is considerably 
greater and does not accord with the ITU recommendations.

2.7. Suggesting adjustment in formulas

Considering the variation of DSD and consequently N(D) with rain
fall intensities, and as Fig. 8–Fig. 11 illustrate, Eq. (12) is proposed to be 
adjusted, considering a and b changing with rainfall intensity: 

R = 4.343⋅ai

(∫ ∞

0
Ni(D)Qti(D, λ,m)dD

)bi

(13) 

Where ai and bi are supposed to be different for each rainfall intensity.
This equation can be transformed into the well-known rainfall- 

attenuation formula with varying coefficients to be used in rainfall 
measurement: 

R = aiAbi (14) 

This equation introduces variable coefficients for calculating rainfall 
from attenuation, with ai and bi dependent on rainfall intensity. As a 
result, the calculation involves an iterative loop. Starting with an 
assumed rainfall intensity, corresponding values for ai and bi are deter
mined, which then yield a new rainfall estimate. This updated rainfall 
rate generates a new set of ai and bi values, leading to another recalcu
lated rainfall rate. The process continues, with each iteration producing 
a new rainfall estimate, until the change between successive rainfall 
rates becomes minimal, signalling convergence.

3. Discussion

The distribution of raindrop sizes, represented by N(D) or DSD, plays 
a crucial role in determining the overall attenuation, with certain drops 
exerting a greater influence on cross-section. The collective impact of 
these influential drops, determined by the total number of occurrences, 
can substantially contribute to the overall attenuation. Simulating with 
zero refractive index underscored the Cext variation among different 
drop sizes.

The results of analytical correlation between attenuation and rainfall 
using different DSD models show that the coefficients of the rainfall- 
attenuation power law are not constant. They change in different rain
fall intensities. Therefore, it is needed to use different coefficients for a 
lower or higher rainfall intensity to achieve a better rainfall-attenuation 
correlation.

Calculations on such a varying coefficient is not straightforward. At 
first, the constants a and b vary with frequency as ITU recommends and 
the results prove. On the other hand, given that N(Di) relies on rainfall 
intensity and both a and b are contingent on rainfall intensity, the pa
rameters are interconnected in a circular manner. Rainfall is calculated 
from attenuation influenced by a and b, and these coefficients, in turn, 
hinge on rainfall intensity. However, it is noteworthy that rainfall in
tensity itself remains undefined and necessitates the definition of a and 
b. Consequently, employing specific methods such as iteration may 
prove instrumental in solving the equation.

The results of the study illustrate and emphasise the behaviour dif
ferences between the extinction cross-sections of droplets in frequencies 
less and >10 GHz. Simulation of electric field and calculating extinction 
cross-sections of drops using Mie scattering theory and Maxwell equa
tions showed similar results in illustrating the behaviour of microwave 
signals in different frequencies.

The value of cross-sections alone is not able to describe the 
attenuation-rainfall relationship. The total attenuation is a result of 
multiplying cross-sections by the number of raindrops in rainfall events 
which is represented as DSD.

The effect of DSD on the attenuation-rainfall relationship is that 
when rainfall intensity increases, larger drops appear, and the total 
attenuation increases. This is in addition to an increase in the total 
number of raindrops. Meanwhile, in higher frequencies, the cross- 
sections increase gradually, and the appearance of larger drops affects 
the total attenuation gradually and ascendingly. However, for lower 

Fig. 9. bH and bV for ITU P-838.3 recommendation and b for attenuation- 
rainfall power law with spherical rai drops and Sekine-Lind drop size 
distribution.

Fig. 10. The coefficient α in power law for different rainfall intensities and 
frequencies with a Marshall-Palmer DSD model.

Fig. 11. The coefficient α in power law for different rainfall intensities and 
frequencies with a Sekine-Lind DSD model.
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frequencies, the total attenuation may decrease when a high rainfall 
intensity contains droplets with a larger size than the cross-section peak 
range. Decreasing attenuation, while the rainfall intensity is increasing, 
results in a lower rate of increase for attenuation in comparison with the 
rainfall. Then, the attenuation-rainfall trendline needs to be corrected 
after reaching a particular rainfall intensity. This variation in total 
attenuation can describe the different behaviour of the coefficients at 
frequencies lower and higher than 5 GHz.

As depicted in the graphs, the coefficients of the power law exhibit 
greater uniformity and stability when employing the Marshall-Palmer 
model, in contrast to the Sekine-Lind model. This disparity un
derscores the significance of the Drop Size Distribution (DSD) model in 
rainfall calculations. Consequently, it is imperative to thoroughly 
investigate and define the appropriate DSD model, calibrating the 
equations to local conditions.

Cross-section calculations determined some features of the droplets, 
Results show some significant impact on some particular drop sizes in 
lower frequencies affects the total attenuation. Findings of the study 
showed some distinctive peaks in extinction cross-sections in fre
quencies lower than 10 GHz. Peaks were amplified by simulating with a 
zero imaginary part of the refractive index. The peaks appeared in the 
range of the diameter of raindrops in frequencies 6–9 GHz. These peaks 
were not presented in higher frequencies (20 and 30 GHz), or they are 
flatter.

Simulating microwaves with different refractive indices may illus
trate some unique patterns of reflexing waves inside a droplet and 
magnify their impact. Considering a complex refractive index with or 
without the imaginary part assisted the simulations in pointing out those 
sizes of drops. The real part of the complex refractive index refers to the 
scattering wave, while the imaginary part is related to the absorption by 
the material [85,86].

Therefore, utilising both the real and the imaginary parts produces 
total power loss. However, ignoring the imaginary part produces pat
terns of scattering waves inside and around the particle, which can 
distinguish the reflection of the wave inside some particular diameters of 
droplets. Therefore, the real part of the refractive index shows how re
petitive reflecting happens inside a droplet before the wave exits the 
drop. In this condition, the path of the wavefront can be followed.

Measuring rainfall using microwave links at frequencies below 10 
GHz is theoretically feasible if the attenuation can be accurately 
measured. However, a significant challenge arises due to the lower total 
power attenuation in these lower frequencies, which may not always be 
detectable. The lower values of scattering cross-sections in frequencies 
of 1 to 4 GHz could be a real obstacle to using these frequencies in 
rainfall measurement. In comparison, although scattering cross-sections 
in frequencies of 4 to 10 GHz are still relatively lower than 20–30 GHz, 
the appearance of some peak values in the larger drops can significantly 
increase the attenuation in heavy rainfall events. Therefore, long mi
crowave links covering more raindrops can show some measurable 
attenuation values.

4. Conclusion

This study found the values of scattering cross-sections and their 
variation in microwave frequencies lower than 10 GHz. The study 
calculated cross-sections of drops through passing microwave fre
quencies. Mie-scattering theory and Maxwell equations used to deter
mine Cext in a range of frequencies between 1 and 30 GHz. Maxwell’s 
equations solved and simulated in COMSOL software (COMSOL Multi
physics Reference Manual, 1998) while scattering cross-sections simply 
calculated in MiePlot (MiePlot).

The results illustrated the difference between the variation of 
extinction cross-sections in higher and lower frequencies. The appearing 
of the peaks affects the attenuation-rainfall correlation when enough 
raindrops appear in the range of peak cross-sections. The change in the 
attenuation-rainfall relationship suggests a change in correlation 

coefficients in some particular frequencies and the validity of applica
tion of the rainfall-attenuation relationship in different frequencies. The 
suggestion is using varying coefficients for varying rainfall intensities 
and using a looped calculation to solve the A-R relationship.
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