
Study of the variability of the rainfall microstructure. A comparison using multi-sensor measurements.

2 The rainfall microstructure

2.1 Introduction

Hydrologist and meteorologists have traditionally been concentrated on the average properties

of rainfall over sufficiently large volumes and time intervals.

However, knowledge of microstructure of rainfall is the only way to relate different

macroscopic properties of the rain. Since some of rainfall measure devices, such as the

weather radar, do not provide a measurement of interest in terms of hydrological or

climatological applications; knowledge of microstructure is fundamental to obtain such

variables from radar data.

The aim of this chapter is to present a comprehensive description of this rainfall

microstructure.

In the following sections we will start with a brief presentation of rainfall as a discrete process,

then different approaches will be described to characterize this microstructure, especially the

drop size distribution (DSD). The third section will review the previous work done in the

DSD. And finally in the last Section different devices used to obtain DSD will be presented.

2.2 The rainfall. A discrete process

Everybody knows that rainfall is made of a population of drops of water falling from vapor

condensed through the atmosphere. But what do we know about this population? We can

assure that anyone who has ever walked in the rain (Figure 2.1a) knows that different drops do

not hurt the same splashing on our heads (raindrops have different sizes and falling velocities).

We also know that not always walking in the rain produces the same degree of wetness in our

clothes (concentration of drops is not always the same).
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a)

b)

Figure 2.1.- a) Gene Kelly singing in the rain. Source: Singin’ in the rain (1952). b)
Spatial distribution of raindrops in a volume of air and the distribution of their

sizes.

In more detail, following are presented the main characteristics of the discrete process of

the rainfall.

• Drop sizes: Thus, gravitational force lead growing cloud droplets to fall as

precipitation particles. Drop diameters range typically from 0.1 (usually considered the

threshold size separating cloud droplets, which are suspended in the air indefinitely,

from falling precipitation drops) to 8 mm (usually considered the maximum drop

diameter).

• Drop velocities: The gravitational force on a drop is offset by the frictional resistance

of the air. As a particle is accelerated downward by gravity, its motion is increasingly

retarded by the growing frictional force. Its final velocity is called fall speed, which

range from 0.1 ms
-1

 for the smallest raindrops to over 9 ms
-1

 for largest raindrops.

• Concentration of drops in the air: In terms of concentration, 1 m
3
 of air contains

approximately 10
3
 raindrops, where most of them are smaller than 3 mm.

Figure 2.1 b shows a scheme of the spatial distribution of the droplets in a volume of air and

the distribution of their sizes.

Up to this point we have given a rather static picture of precipitation, but it is a dynamic

process that consists of a population of falling drops interacting with each other (with the

occurrence of processes such as collision, collection, breakup…) and with their environment

(in processes such as accretion of cloud drops in dust particles, evaporation in dry air…).



Chapter 2: The rainfall microstructure 14

Comparison of multi-sensor measurements of Raindrop Size Distribution

2.3 Characterization of the rainfall microstructure. Drop size
distribution

Just as demographists study a population of human beings to characterize different societies,

meteorologists study a population of drops to describe the rain. The key point is how this

complex process has been characterized.

Some macroscopic rainfall quantities (such as mean volume diameter, reflectivity, kinetic

energy, attenuation and scattering of electromagnetic waves propagating through the rain, and

specially rainfall intensity…) have been used in some applications to describe different

characteristics of the rainfall. However, all these properties are somehow linked with the way

the water is distributed in the air. The main issue then, is to determine the distribution of

drops, to a better and more general characterization of the rainfall process. For example,

measuring the diameters and establishing a histogram as demographists do in population

pyramids. There are other ways to characterize statistically the drop distribution, such as the

mean diameter or the mean volume diameter, etc... But the most complete way to determine

the distribution of the drops in the atmosphere is through drop size distribution (DSD Figure

2.2).
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Figure 2.2.-a) Empirical DSD obtained from a disdrometer. b) Modeled DSD from
the empirical data obtained from the disdrometers.

The DSD is a fundamental property of the rainfall, and is a mixture of two different concepts:

o The number of raindrops in a certain volume

o The probability distribution of the different sizes.

The DSD is not a distribution in the probabilistic sense but a function N(D), with dimension of

length to the power minus four [L
-4

] (with D expressed in mm and volume in m
3
, the units of

DSD become mm
-1

m
-3

), such that N(D)dD yields the mean number of drops per unit of air

volume for drop diameters between D and D+dD.

The DSD is able to represent the variability of rainfall at smaller spatial and temporal scale in

a statistical sense in a certain volume and time interval.
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2.3.1 Applications of the DSD

Precipitation is highly variable in space and time. This changeability is directly linked to the

DSD variability. Therefore, knowledge of DSD is essential to understand the physical

processes that govern the rainfall properties widely used in meteorology, hydrometeorology,

and especially in radar meteorology studies (Joss and Zawadzki 1997).

A fundamental step in hydrometeorological applications has been to introduce the use of

weather radar (Figure 2.3). These instruments provide a sort of volumetric radiography of the

rainfall field in extended zones, with a very good space-time resolution.

Radars emit radiation to the atmosphere at different elevation angles with respect the

horizontal plane. This radiation is partially backscattered by hydrometeors located at certain

distance and height over the ground. Radars are able to establish the position of detected

targets and measure the returned power, which can then be transformed into reflectivity units

(Z). However, radar data is highly affected by some problems such as errors in the radar

calibration or the interception of the radar beam with the orography, the signal attenuation due

to precipitation, which requires careful corrections. On the other hand, the variable of interest

in many fields is the rainfall intensity (R). Therefore, a transformation between rain intensity

and radar reflectivity is needed (Figure 2.3, Figure 2.4).

Analytical formulation of the DSD can provide relations between different rainfall variables

such as Z-R. The study of the DSD variability between different climatological regions,

between different storms and within different regimes of a storm is a key point to improve the

Z-R conversion required to estimate rainfall intensities from radar.
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Figure 2.3.-Principle of the rainfall measurement by radar: Energy backscattered
by hydrometeors is recorded at different levels above the ground.
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Figure 2.4.-a) Reflectivity field measured with the INM Corbera de Llobregat C-
band radar on 14 September 1999 at 1720 UTC. b) Corrected product. c) Rainfall

field after Z-R transformation

2.3.2 Other rainfall characterizations expressed as a function of the DSD

Some hydrological and meteorological studies characterize the rainfall process with different

macroscopic quantities, such as rainfall intensity, liquid water content... These descriptors are

linked with the way the drops are distributed in the atmosphere, so they can be obtained form

the DSD. In this section, some of the most important descriptors are presented in terms of the

DSD

• Mean volume diameter Dm, quotient between the 4
th

 and the 3
rd

 moment of the DSD,

  

Dm =

D4N(D)dD
Dmin

Dmax

D3N(D)dD
Dmin

Dmax
(2.1)
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where Dmin and Dmax (mm) are the maximum and minimum diameter respectively

• Median volume diameter D0

D3N(D)dD
Dmin

D0

=
1

2
D3N(D)dD

Dmin

Dmax

(2.2)

• Liquid water content per volume (W in mm
3
m

-3
), proportional to the 3

rd
 moment of the

DSD.

W = 4 3
D

2

 

 
 

 

 
 

3

N(D)dD
Dmin

Dmax

(2.3)

• Reflectivity is very close to the 6
th

 moment of the DSD:

  

Z = D6N(D)dD
Dmin

Dmax

(2.4)

• Rainfall intensity (R expressed in mmh
-1

), the most common used rainfall descriptor, is

the average mass flux density over a certain surface area and a certain time interval.

    

R = 6 10 4 D3v(D)N(D)dD
Dmin

Dmax

(2.5)

where v(D), is the fall speed (in ms
-1

) for a drop diameter D. The fall speed may be estimated

from the drop diameter, and is a result of the equilibrium between the gravitational and

frictional forces.

Therefore, from equation (2.5) we can interpret that intensity is a weighted moment of the

DSD, being v(D) the weighting function. The same is true for the kinetic energy (where D
3
 is

weighted by v
2
(D)).

Atlas and Ulbrich 1977 proposed to relate fall speed with drop diameter (D), through a power-

law.

  v(D) =17.37D0.67 (2.6)

where D in cm and v(D) in m
3
s

-1
. Therefore, the previous weighted moments, where the

weighting function was the fall speed, could also be approximately considered moments of the

DSD. For example, considering equation (2.5) and (2.6), rainfall intensity could be considered

proportional to the 3.67
th

 moment of the DSD.

R = AR D3.67N(D)dD
Dmin

Dmax

(2.7)

where AR is a constant.

2.4 DSD previous works

Many analytical expressions have been proposed in the past to model DSD. A brief history of

the evolution in this field is presented below.



Chapter 2: The rainfall microstructure 18

Comparison of multi-sensor measurements of Raindrop Size Distribution

One of the pioneering studies of DSD was carried on by Marshall and Palmer 1948, who

proposed an exponential distribution for DSD. They grouped the data in classes of rainfall

intensity, and the different parameters were fitted separately. They found a relationship

between the parameters and the rain intensity (R). Thus, the DSD was expressed as a

distribution function of D and the R- that is, N (D, R).

  N(D,R) = N0 exp (R)D[ ] (2.8)

where the slope factor was a function of the rainfall intensity,

  (R) = 41 R 0.21 (2.9)

and the intersection factor (the value of ND for D=0), constant for any rainfall rate.

  N0 = 0.08cm 4
(2.10)

Figure 2.5.-Exponential DSD (Marshall and Palmer 1948)

More sophisticated formulations (e.g., gamma, lognormal, or Weibull distribution functions)

were proposed later by other authors. All these studies took one reference variable (usually the

rain rate) that governed the DSD parameters, and most of them followed the Marshall and

Palmer 1948 procedure, grouping the measurements into classes of R, and computing

separately every mean spectrum.

An improvement of the Marshall and Palmer 1948 methodology, was introduced by Sekhon

and Srivastava 1970; Sekhon and Srivastava 1971 suggesting another approach to the DSD

studies; they normalized the diameters and the N(D) in order to treat all the data together,

without any separation. Doing this, the parameters could be estimated more robustly

independently of R. This methodology requires setting the shape of the general DSD before

the normalization procedure.

Ulbrich 1983 proposed another method, using three convenient integral rainfall variables

(N0,µ,  see equation (2.11)), written as moments of order 3, to fit the parameters of a gamma

distribution function. Again, the use of classes of intensities is no longer necessary, but this
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method is still limited by the requirement of choosing an analytical model for the DSD a

priori.

    N(D,R) = N0 Dµ exp D[ ] (2.11)

Sempere-Torres et al. 1994 proposed a normalization procedure based on the basic notion of

scaling functions. Mainly, this procedure states that when the drop concentration in the air is

increased, DSD is only scaled in a predetermined manner and its shape remains stable. Again,

the DSD is written as a function of D and a reference variable   .

    

N(D, )
= g(D ) (2.12)

where    can be any integral variable (R is generally used),     ,      are constants and with no

functional dependence on   , and g(x) is called “the general distribution function”, which is

independent on the value of   . An important improvement of this methodology is that it is no

longer necessary to choose a priori the shape of the DSD.
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Figure 2.6.-Essence of the normalization of the DSD proposed by Sempere-Torres
et al. 1994. That is, all the raindrop spectra collapse after the normalization to a

general function g(x).

This general expression summarized all the previous analytical DSD expressions.

Later on, Sempere-Torres et al. 1999, Salles et al. 1999, Sempere-Torres et al. 2000 showed

that different      and different shapes of g(x) for different precipitation type lead to a more

compact normalization.

This led to the introduction in following studies of another integral variable of the rain to

capture the natural variability of DSDs, formulating for example the so called double-

normalization (Testud et al. 2001, Lee et al. 2004), where the DSD was expressed as a

distribution function of D and two moments of the DSD.
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N(D,Mi,M j )

M
i

j+1

j i M
j

i+1

i j

= h D,Mi,M j( )
(2.13)

where 
  
Mi = DiN(D)dD and 

  
M j = D jN(D)dD

2.5 DSD measurement devices. Uncertainty in the measurements.

Despite the technological advances, measurement of DSD remains a difficult challenge.

Different techniques have been used in the past. Initially, the first studies used the dyed filter

papers (Wiener 1895, where the diameters of drops were inferred from the stain size) or the

flour method (Blanchard 1953).

Nowadays, drop size measurement is done using more sophisticated instruments. They are

generally called disdrometers and can be divided into different groups depending on the

physical principle used to estimate the drop size.

• Impact disdrometers. They transform the vertical momentum of an impacting drop into

an electric pulse whose amplitude is a function of the drop diameter.

• Optical disdrometers. They produce a horizontal sheet of light. Drops intercepted

cause an extinction of the voltage. The amplitude and the duration of the signal allow

us to measure size and fall speed of drops.

• Radar disdrometers. When a drop transits the radar sample volume, the Doppler power

density spectrum is measured, which is a weighted moment of the DSD. The number

of drops of a certain size is calculated after a discrete approximation.

While long-term disdrometric measurements are required to have a sufficient sample in

studying the physical aspects of the DSD, the accuracy of the measurements is equally

important to use the disdrometric data. There are still important shortcomings in all

disdrometers such as calibration, the questionable ability of all instruments to sample very

small drops, the effects of wind or lightning…Knowledge of shortcomings is essential in

determining the accuracy of the measurements and requires coincident measurements of more

disdrometers




